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ABSTRACT 

During 1981 and 1982, pre-fer t i  1 i z a t i  on s tudies  were conducted a t  Fa1 1 s Lake 
t o  determine primary, secondary and t e r t i a r y  production pat terns  p r io r  t o  
lake enrichment. This portion of the repor t  summarizes the t e r t i a r y  produc- 
t ion  s tudies  which emphasized in-lake growth, and smolt and adu l t  population 
cha rac t e r i s t i c s  of sockeye salmon, Oncorhynchus nerka. 

Sockeye smolts were found t o  be r e l a t i ve ly  small in both 1981 and 1982. 
For example; age 1.0 smolts averaged 68 mm in length,  and age 2.0 smolts 
averaged 84 mm i n  length in 1981 w i t h  both age groups somewhat smaller in 
s i z e  in 1982. In addi t ion,  within-lake growth pat terns ,  as revealed by 
l a t e  f a l l  tow samples, and subsequent smolt production indicated t h a t  age 
2.0 smolts were a s ign i f i can t  proportion of the  outmigration, ranging from 
40% of the t o t a l  in 1981 t o  83% of the  t o t a l  in 1982. Consistent with t h i s  
pat tern  i s  the  freshwater age of returning adu l t s ,  i . e . ,  from 47% t o  60% of 
the f i s h  had reared f o r  two  years o r  longer in Fal ls  Lake. Finally,  the 
adu l t  age s t ruc tu re  indicated an approximate 50:50 r a t i o  between two-ocean 
and three-ocean f i sh .  In 1982, three-ocean adul ts  represented 37% of the 
escapement compared t o  a 57% representat ion in 1981. 

In addit ion t o  the anadromous sockeye salmon, coho salmon, 0. k isutch,  
smolts and adul ts  were enumerated as was the native population of Dolly 
Varden, SaZveZinus maZma. Threespined st icklebacks,  Gasterosteus 
aculeatus ,  were found i n  the lake;  however, rainbow t r o u t ,  SaZmo ga i rdner i ,  
were not observed t o  be present e i t h e r  in the lake o r  in the o u t l e t  stream. 

Key Words : Tert iary  production, lake enrichment, sockeye, coho, smolt 
emigration, adu l t  immigration, age composition, char,  and 
rearing juvenile. 



INTRODUCTION 

Lake enrichment as a sockeye salmon, Oncorhynchus nerka, enhancement/ 
rehabili tation technique involves the large scale perturbation of en t i re  
lake ecosystems by a r t i f i c i a l l y  al ter ing nutrient levels.  As such, i t  i s  
necessary t o  follow the e f f ec t ( s )  of large scale applications of f e r t i l i z e r  
from the changing nutrient pool through to the smolt stage of the target  
f i sh .  To accomplish th i s  detailed evaluation, lake systems are studied in 
detail  for  two years prior t o  any product application so that  the 'before' 
condition can serve as a control from which the ' a f t e r '  condition can be 
evaluated. However, such evaluation programs are often plagued by 
unexplained temporal variation which often masks cause-and-effect relation- 
ships,  however d i rec t  they may be. 

Variation, inherent in a1 1 biological manipulations, reaches i t s  maximum in 
f i e ld  s i ted projects where uniform conditions are d i f f i cu l t  t o  achieve. 
Therefore, careful selection must be made of the ecosystems (lakes in the 
enrichment program) which provide the small e s t  source of undef i nab1 e 
variation in order t o  demonstrate and/or recognize a desired effect .  That 
i s ,  t o  be able t o  evaluate the e f fec t  of a l ter ing lake f e r t i l i t y  (or  
changing rearing f ry  densit ies in the case of lake stocking) on the pro- 
duction of sockeye smolts, the central idea i s  t o  concentrate on the most 
discrete  experimental unit  possible: the individual 1 akes. However, even 
individual lakes are extremely complicated, so i t  i s  probable that  only i f  
the individual lakes are homogeneous enough t o  minimize the formation of 
discrete  races of salmon; and 1 )  support a large percentage of beach 
spawners, 2 )  contain a small 1 i t t o ra l  zone which resul ts  in a single 
1 imnetically defined food source, 3) have a simple access to  the sea, and 
4 )  contain one (or  few) discrete basins, can meaningful cause-and-effect 
relationships be recognized. Thus, most large scale manipulations dealing 
with f i sh  stock enhancement demand careful selection of 'simple' ecosystems 
in order t o  maximize the likelihood of clear cut responses. 

Falls Lake was chosen (Koenings and Barto 1981) as a candidate lake for  the 
Northern Southeast, Alaska, lake enrichment program because of b o t h  i t s  
manageable s ize ,  and i t s  compatibility with the Alaska Department of Fish 
and Game (ADF&G) guidelines for  lake enrichment programs. B o t h  the location 
and s ize of the lake provide for  a controllable s i t e  for  interpreting the 
process of nutrient enrichment from the application of f e r t i l i z e r  t o  the 
return of adult f ish.  Once th i s  process i s  defined, the technique can be 
refined for  application to  larger sockeye salmon lakes with the added 
likelihood of a predictable response. Finally, Falls Lake serves as an 
analog t o  other nutrient p o o r  lake systems in Southeast Alaska currently 
being stocked with coho fry.  As such, the information gained from the 
Falls Lake project would be beneficial to  b o t h  programs. 

Study Si te  Description 

Fa1 1 s Lakes (ADF&G No. 109-20-013) i s  located on the east  coast of Baranof 
Island (56" 49'N; 134" 42'W) in Southeast Alaska, and i s  within the confines 
of the S o u t h  Baranof Wilderness Area managed by the U .  S. Forest Service. 
The lake l i e s  a t  an elevation of approximately 6.1 m ,  and has a surface 



area of 95 ha o r  234 acres ( f o r  a f u r t he r  morphometric descript ion of Fal ls  
Lake see Par t  I1 of t h i s  r epo r t ) .  

MATERIALS A N D  METHODS 

Rearing Fry Surveys 

A tow net  survey was conducted on 8 October 1981 t o  co l l e c t  juvenile sockeye 
salmon a t  Fa l l s  Lake. However, due t o  a funding shortage, tow net  surveys 
o r ig ina l ly  planned f o r  Fal ls  Lake were not conducted in 1982. A portable 
mid-water trawling system s imilar  in design t o  t h a t  described by Gjernes 
(1979) was used t o  capture juvenile sockeye. The trawl measured 2.0 m by 
2.0 m a t  the  mouth and was 7.5 m long. The net  consisted of 5.0 cm and 
2.5 cm ( s t r e t ch  mesh) knotless nylon in the body, and 1.3 cm knotless nylon 
in the cod-end. A s e r i e s  of north-south trawls through the  pelagic zone of 
Fa l l s  Lake were conducted a t  night a t  depths of 2.5 m y  5.0 m ,  7.5 m, 
10.0 m ,  and 15.0 m.  

All captured juvenile sockeye were preserved in 10% formalin f o r  l a t e r  
analys is ,  and the t o t a l  sample was analyzed f o r  age-weight-length data with 
each f i s h  being weighed t o  the  nearest  0.1 g and measured t o  the nearest  
mil l imeter .  A s c a l e  sample was taken from the perferred area of each f i s h  
and placed on a labeled microscope s l i de .  The sca le  s l i de s  were analyzed 
f o r  sca le  pat terns  using a microfiche projector t o  determine the  age of 
each f i s h .  

Smolt Enumeration and Sampling 

Smolt emigrating from Fa l l s  Lake were captured with fyke nets  placed in 
the ou t l e t  stream of the  lake (Figure 1 ) .  The nets  measured 1.0 m square 
a t  the  mouth and tapered t o  0.15 m in diameter a t  the cod-end. A wooden 
holding-box (1.0 m x 1.0 m x 0.5 m) was attached t o  the cod-end of each fyke 
net t o  f a c i  1 i t a t e  sampl i ng. 

In 1981, ins ta l  l a t ion  of the smol t sampling gear was completed by 22 April .  
A s ing le  fyke net  was operated continuously un t i l  8 June, except f o r  a 48- 
hour period on 25-26 May, during which high water levels  in the o u t l e t  
stream prohibited sampling m o l t s .  In 1982, smolt sampling was i n i t i a t e d  on 
3 May with a s ing le  fyke net;  however, a second fyke net  was i n s t a l l ed  on 
10 May t o  increase the sampling e f f o r t .  Thereafter ,  the  sampling gear 
operated continuously unt i l  23 June w i t h  no disruptions.  The fyke nets  were 
placed in  s t r a t e g i c  locations in the  o u t l e t  stream t o  maximize the  sampl ing 
e f f o r t  and ye t  be operable during high water. The nets  sampled the e n t i r e  
water column a t  each net  locat ion,  b u t  only sampled about 6% of the stream 
width. 

The fyke nets  were f ished continuously throughout the  sampling period, 
except f o r  shor t  down times when the nets  were being repaired.  The 
holding-boxes were monitored da i ly ,  o r  on a more frequent basis  during the 
peak of the run, f o r  t o t a l  catch,  species composition, mark recovery, and 
age-weight-length data. Representative subsamples of up t o  40 sockeye 
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Figure 1. Schematic of the  o u t l e t  of Fal ls  Lake showing the  location of the  
fyke nets used t o  capture sockeye and coho smol t s ,  and the  posit ion 
of the  picket  weir used t o  enumerate returning adu l t  f i sh .  



smol t s  and 10 coho smolts were taken daily for  age-weight-length data. If 
the total  catch was less  than 40 sockeye and 10 coho smolts, a l l  f ish caught 
were sampl ed. 

Smolts subsampled for  age-weight-length were anesthetized with MS-222, 
weighed to the nearest 0.1 gram, and measured to  the nearest millimeter 
(fork length). Scales were removed from the preferred area and placed on 
labeled microscope s l ides .  Data collected were organized such tha t  a l l  
specif ic  information could l a t e r  be referred back to  the source f i sh .  A1 l 
sampled s m ~ l t s  were allowed t o  recover in fresh water before being released 
downstream of the sampl i ng apparatus. 

A mark-and-recapture technique was in i t ia ted  in 1982 to  estimate the total  
smol t emigration. This technique used the catch efficiency ( i  .e. , propor- 
tion of dyed smolts recaptured) of the sampling gear t o  estimate the 
proportion of the total  migration being sampled (Rawson 1982). That i s :  

Where: = estimated total  population 

D = number of f i sh  dyed 

d = number of dyed f ish recaptured 

n = number of unmarked smolt caught in traps 

The estimated variance of may be calculated from the formula: 

Var (i) = n (n + d) D ( D  - d)/d3. 

From the estimated variance, a 95% confidence interval fo r  NAmay be 
determined under the assumption of a normal distribution of N. 

A major assumption was that  the catch efficiency of each net was a function 
of changing water levels in the out let  stream, i . e . ,  the higher the water 
level ,  the lower our catch efficiency and vice versa. The assumption was 
also made tha t  the catch efficiency a t  certain water levels would be 
constant over time. Another major assumption, l a t e r  shown invalid, was 
that  marked smolts released into the lake would leave the lake before the 
dye wore off the f ish.  This delay in re-emigration from the lake invali-  
dated the attempt to  determine the instantaneous trap efficiencies a t  
various water levels. Finally, when t w o  nets were in use, the f ish captured 
were pooled, treating b o t h  as one net. 

The i n i t i a l  smolt marking procedure used water soluble dyes. As th i s  
procedure did n o t  produce recognizable smolts over a minimum time period 
of f ive  days, a caudal f in  punch was substituted as the marking procedure. 
Fish other than those subsampled for  age-weight-length data were used for  
the mark-and-recapture study. As marking was conducted throughout the 



smol t emigration period, different  cl ipped f ins  were used because smol t s  
marked a t  different  times overlapped in subsequent downstream sampling. A 
large percentage of a total  daily catch was marked t o  enhance the recapture 
e f for t s .  Fish were taken from the holding-box, anesthetized in MS-222, 
marked, and upon recovery released into the out let  area of the lake. Once 
the mark-and-recapture study began, the daily catch was examined for  marked 
smolts with recaptured smolts excluded from the daily total  catch. 

Adult Enumeration and Sampling 

The adult selmon escapement into Fa1 1s Lake in 1981 and 1982 was monitored 
through the use of a picket weir instal led in the out let  stream (Figure 1). 
In addition, a holding-box used t o  subsample adult f ish was incorporated 
into the weir. Fish were monitored daily for  total  count, species, sex, 
and age-weight-length data,  and periodically sampled for  fecundity. A 
representative subsample of u p  t o  40 adult  sockeye and incidental catches 
of adult  coho were collected each day. If the total  daily catch was less  
than 40 adult sockeye, then 100% of the catch was sampled. To prevent 
recounting the same f i sh ,  a l l  captured adults were released upstream of 
the weir. 

Adults subsampled for  species composition, sex, and age-weight-length data 
were anesthetized in MS-222, weighed to  the nearest 0.1 kg, measured (mid- 
eye t o  fork length) to  the nearest 0.5 cm, and had scales removed from the 
preferred area. The scales were placed on labeled gum cards and l a t e r  
analyzed by the Stock Separation g roup  of the Commercial Fisheries Division 
of the ADF&G. Data collection was organized such that  specific information 
could l a t e r  be referred back t o  the source f ish.  All sampled adults were 
allowed t o  recover before being released upstream of the weir. 

Natural prespawning mortali t ies,  which had been killed in the f a l l s  and 
washed back into the weir, were used for  measuring the fecundity. A 100 
gram subsample of the total  number of eggs in each female was weighed and 
then the individual eggs in the subsample were hand-counted. The number 
of eggs per gram of weight was then used t o  expand the total  weight of the 
eggs into actual f ish fecundity. 

An estimate of the subsistence catch of Falls Lake sockeye salmon was 
obtained from subsistence permits issued by the Commercial Fisheries 
Division in Sitka and Petersburg. 

Resident Char Enumeration and Sampling 

In 1981, a mark-and-recapture study was conducted using the Schumacher- 
Eschmyer method t o  estimate the number of rearing Dolly Varden char in Falls 
Lake. Minnow traps,  baited with salmon eggs enclosed in perforated plast ic  
film cases, were s t rategical ly  placed along the shoreline and monitored s ix  
or seven times a day for  several days. The captured Dolly Varden were 
marked with a small hole in the caudal f in  and returned t o  the Lake. Total 
catches and number of recaptures were collected daily. A mark-and-recapture 
estimate was made once each m o n t h  during July, August, and September. 



RESULTS 

Native Resident and Anadromous Fish 

Six species of f i s h  were found in the Fal ls  Lake system (Table 1 )  although 
one (pink salmon) was found only in  the  ou t l e t  stream. The remaining f i ve  
species inhabi t  the lake fo r  varying lengths of time and were sampled 
through the use of tow ne t t ing ,  beach seining or through the use of minnow 
t raps .  

Rear i  ng soc'keye Fry 

In October of 1981, sockeye f inger l ings  were sampled f o r  growth and f o r  age 
composition by tow net t ing a t  f i ve  depths within the  lake (see Appendix A ) .  
Although the sample s i z e  i s  small (n=14), we caught few f i s h  above 10 m with 
most of the  f i s h  concentrated between 10 and 15 m (Table 2 ) .  Age 0.0 
f inger l ings  ranged in s i z e  from 37 mm t o  51 mm o r  from 0.42 g t o  1.5 g while 
age 1.0 f inger l ings  ranged from 60 m t o  62 mm o r  from 2.14 g t o  2.29 g. 
Overall,  age 0.0 f inger l ings  averaged 45 mm i n  length and 0.87 g i n  weight 
compared t o  a mean s i z e  of 61 mm and 2.22 g f o r  the age 1.0 f inger l ings .  
Unfortunately, hydroacoustic gear was not used in conjunction w i t h  the  mid- 
water t rawl ;  consequently, the  number of rearing f i s h  caught in the tow net 
was extremely low. Thus, the age composition of 29% age 1.0 f i s h  and 71% 
age 0.0 f inger l ings  may only be used t o  indicate  the presence of a s i gn i f -  
i can t  f rac t ion  of age 1.0 f inger l ings .  

Population Character is t ics  and Estimated Numbers of Sockeye and Coho Smolts 

The timing of sockeye smolt emigration from Fal ls  Lake varied between 1981 
and 1982. This v a r i a b i l i t y  can be a t t r i bu t ed  t o  contras t ing winter c l imat ic  
conditions t h a t  occurred during the  two years of study. A mild winter was 
experienced i n  1981 with no observed i c e  cover on Fal ls  Lake. Conversely, 
in 1982 the  winter was colder with lake i ce  l a s t i ng  unt i l  29 May. Conse- 
quently, the peak emigration in  1981 occurred ea r ly  during the f i r s t  three  
weeks of May, b u t  was delayed i n  1982, l a s t ing  from 27 May t o  10 June. 

In 1981, a t o t a l  of 725 sockeye smolts were captured. Since the da i ly  
catch never exceeded the desired subsample number of 40 smolts per day, a l l  
of the  captured smolts in 1981 were sampled. Overall,  the smolts averaged 
72.3 mm in length and 2.9 g i n  weight (Table 3 ) .  Age composition was 
determined by length-frequency analys is  (Figure 2) ra the r  than sca le  
analys is ,  due t o  the d i f f i c u l t y  of obtaining accurate annuli counts from 
the smol t scales .  The separation between age 1.0 and age 2.0 smol t s  
apparently occurred a t  75 mm which resul ted  in approximately 60% of the  
smolts being designated age 1.0 and 40% being c l a s s i f i ed  as age 2.0. 
Based on t h i s  break-down, age 1.0 smolts averaged 68 mm in length while 
age 2.0 smol t s  averaged 82 mm in length. Finally,  a t o t a l  of 36 coho 
salmon smolts was a l so  captured incidenta l ly  t o  the sockeye smolts. The 
weights of these smolts ranged from 6.0 g t o  18.8 g with a mean of 9.9 g 
while lengths ranged from 90 mm t o  133 mm w i t h  a mean of 106.5 mm. The 
age composition of the  coho salmon smolts was 5.7% age 1.0, 91.4% age 
2.0, and 2.9% age 3.0 as determined from scale  pattern analys is .  



Table 1 .  Lis t  of common and sc i en t i f i c  names of 
f ish species native to  Falls Lake, 
Baranof Island. 

Common name Scient i f ic  name 

Sockeye salmon Oncorhynchus nerka 
Coho salmon Oncorhynchus k i su tch  
Dolly Varden Salve Zinus ma Zma 
Threespine stickleback Gasterosteus aculeatus 
Sl imy scul pi n Cot t u s  cogna t u s  
Pink salmon1 Oncorhynchus gorbuscha 

lFound  only in the out le t  stream. 



Table 2. Age-weight-length data of juvenile sockeye salmon collected 
during tow netting on 8 October 1981 with a mid-water trawl. 

Tow Depth Number Length Weight 
caught 

Age 

4, - 
Mean 

0.803 g 0.0 
0.904 g 0.0 
1.234 g 0.0 
2.137 g 1.0 
1.258 g 
Age 0.0 (71%) 
composition 1.0 (29%) 
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Figure 2.  Length-frequency histogram showing the proportion of aqe 1 .0 
and age 2.0 sockeye smolts along w i t h  the s ize used to delineate 
the two age classes. 



In 1982, a total  of 13,198 sockeye salmon smolts were captured with approx- 
imately 10% of the smolts subsampled for  age-weight-length data. The mean 
s ize of the sockeye salmon smolts was 2.6 g (by weight) and 68.0 mm (by 
length) (Table 4).  In addition, scale pattern analysis on these smol t s  
revealed tha t  4.0% were age 1.0, 83% were age 2.0, and 13% were age 3.0. 
Age 1.0 sockeye smolts had a mean length of 67 mm and weighed 2.4 g while 
age 2.0 smolts averaged 70 mm in length and 2.8 g in weight. Finally, 
incidental catches of coho salmon smolts total led 523 in 1982. Subsamples 
of these smolts revealed a mean s ize of 13.3 g (by weight) and 114.0 mm 
(by length), (Table 4) .  Scale analysis showed that  the coho salmon smol t s  
were 1 %  age 1.0, 81% age 2.0, and 18% age 3.0. 

In order to  estimate the capture efficiency of the fyke nets for  use in 
estimating smolt numbers, groups of marked sockeye and coho smolts were 
released f ive  different  times from 21 May to 5 June 1982 (Tables 5 and 6, 
respectively). Unfortunately, the water soluble dyes originally chosen 
for  the study (Kyle and Koenings 1982) did not s ta in the f ish suff ic ient ly  
for  visual identification for  a period longer than two or three days. This 
proved unacceptable since marked f i sh  l e f t  the lake u p  to  ten days a f t e r  
release (Table 5) .  The delay in re-emigration caused by the i r  release back 
into the slow water above the f a l l s  created an overlap between marked groups, 
and consequently, different ial  f in  c l ips  had to  be used t o  delineate each 
group of smol t s .  Fluctuating water levels and a low recapture efficiency 
further compounded the lack of precision. Because of these problems, we 
f e l t  that  the assumptions used by Rawson (1982) were n o t  valid, and we 
estimated the re la t ive  magnitude of the smolt emigration from Falls Lake 
in 1982 by using an overall net efficiency of 10.5% for  sockeye (Table 5) 
and 7% for  coho (Table 6 ) ,  This gives an order of magnitude fo r  the 1982 
emigration of 125,000 sockeye smolts and 7,000 coho smolts. 

One important parameter which must be refined during the spring of 1983 
(pre-fer t i  1 i zation phase), i s  our abil i t y  to  define the total  number and/or 
biomass of sockeye and coho smol t s  that  Falls Lake i s  producing. The 
total  quantity of smolts emigrating from Falls Lake was n o t  obtained in the 
f eas ib i l i t y  program of 1981, and a s t a t i s t i c a l l y  precise estimate was n o t  
obtained in 1982 due t o  a mid-season switch in the smolt marking method- 
01 ogy; however, the netting efficiency calibration that  was accompl ished 
did provide the information necessary t o  calculate a conservative point 
estimate of smolt numbers. Hopefully, the procedures incorporated into 
the 1983 smolting program will be successful in providing a t  leas t  one year 
of s t a t i s t i c a l l y  defined smolt production prior to  f e r t i l i za t ion .  

Population Characteristics and Spawning Density of Sockeye and Coho Adults 

I n  1981, the adult weir was operated from 26 June t o  1 7  September, and in 
1982, from 23 June t o  27 August. A to ta l  of 1,293 adult sockeye were 
counted through the weir in 1981, and 1,687 f ish were counted in 1982 with 
peak sockeye escapement into Falls Lake occurring in both years from mid- 
July to  mid-August ( s e e  Appendix B ) .  A portion of the adult coho escape- 
ment into Falls Lake was monitored in 1981 (152 f i sh )  and 1982 (137 f i s h )  
before the removal of the weir. Additional adult coho salmon may have 



Table 3. Weekly ca t ches ,  mean weights and l eng ths ,  and age composition of  
sockeye salmon smolts emigrat ing from F a l l s  Lake in  1981. 

Mean Mean 
Weekly Weekly weight 1 ength Age Composition* 
period ca tch  ( 4 )  (mm) 1 . O  2 .0  3.0 

6/01 - 6/07 4 0 Data not  a v a i l a b l e  - - - - - - 

6/08 - 6/14 1 Data not  a v a i l a b l e  - - - - - - 

Total 725 2.9 72.3 

*Age composition was es t imated  by length  frequency and i s  presented i n  
Figure 2. 



Tab le  4. The weekly catches, mean we igh ts  and l eng ths ,  and age compos i t i on  o f  sockeye and coho salmon smol ts  
em ig ra t i ng  f rom F a l l s  Lake i n  1982. 

Sockeye Coho 
Mean Mean Mean Mean 

Weekly Weekly we igh t  1  ength Age composi t ion Weekly we igh t  l e n g t h  Age compos i t i on  
p e r i o d  c a t c h  (9 )  (mm ) 1.0 2.0 3.0 ca t ch  ( 9 )  (mm ) 1 .O 2.0 3.0 

T o t a l  13,198 2.6 68.0 4% 83% 13% 523 13.3 114.0 1  % 81 % 18% 

Mean Length (mm) 67 70 76 
Mean we igh t  ( g )  2.4 2.8 3.5 
Number 52 1,079 169 



Table 5 .  Results of the mark-and-recapture of sockeye salmon smolts in Fal ls  Lake, 1982. 

Date Type of 
Marked Mark 

Number Recaptures 
Re1 eased Date Numbers 

Percent 
Recaptured 

Bi smark brown 39 sockeye 0 
dye 

5/24 1 5/24 Upper caudal 80 sockeye 
lobe c l i p  5/26 1 

2 

Lower caudal 
lobe c l i p  

56 sockeye 5/26 1 
5/29 1 
5/30 2 - 

4 

Upper caudal 560 sockeye 5/30 
lobe c l i p  + 5/31 
neutral  red dye 6/ 1 

6/ 3 
6 /4  
6/ 5 
616 
6/ 9 
6/ 11 

Lower caudal 
lobe c l i p  

300 sockeye 6/ 5 
6/6 
617 
6/ 8 
6 1  9 
6/10 
6 /11  
6/ 12 
6/13 
6/15 

Overall 1035 s-ockeye 109 10.5% 



Table 6., Resu l ts  o f  t h e  mark-and-recapture o f  coho salmon smol ts  i n  F a l l s  Lake, 1982. 

Date Type o f  
Marked Mark 

Number 
Re1 eased 

Recaptures Percent  
Date Numbers Recaptured 

Ove ra l l  

Bismark brown dye 9 coho 

Upper caudal 20 coho 
1 obe c l  ipped 

Lower caudal 23 coho 
l obe  c l i p p e d  

Upper caudal 26 coho 
1 obe c l  i pped and 
n e u t r a l  r e d  dye 

Lower caudal 30 coho 
l obe  c l i p p e d  



entered the system a f t e r  the weir was removed a t  the end of August in 1982, 
and the middle of September in 1981; however, peak escapements were recorded 
for  b o t h  years in the third week of August so additional spawners would be 
few ( s ee  Appendix C ) .  

The sex and age composition of the adult sockeye escapement into Falls Lake 
in 1981 and 1982 was somewhat variable (Table 7 ) .  The dominant age class 
in 1981 was 2.3, which switched to the 1 . 2  and 2 .2  age classes in 1982. In 
addition, the returning f ish in 1981 resulted from a large percentage (57%) 
of age 2.0 Smolts and consisted of a sizeable fraction (57%) of three-ocean 
adults. In comparison, the 1982 returning f i sh  resulted from s l ight ly  
fewer age 2.0 smolts (47%) and s t i l l  fewer three-ocean adults (37%). 
Further, in b o t h  years 4-year-old f i sh  represented approximately one-third 
of the escapement while in 1981 6-year-old f ish dominated the return (47% 
of the f i s h ) ,  b u t  in 1982 5-year-old f ish (50% of the f i sh )  returned in 
the greatest  numbers. 

Finally, the sex r a t io  of males t o  females was 1.7:l.O in 1983 and 1.3:l.O 
in 1982. The sex and age composition of the portion of the adult coho 
escapement monitored in 1982 i s  presented in Table 8. The dominant age 
class  fo r  the adult coho salmon was 2, l  with the sex ra t io  of males to  
females being 1.4:l.O. 

In 1981, adult female sockeye returning to  Falls Lake averaged 53.2 cm in 
length and 1.9 kg in weight, while adult male sockeye averaged 55.9 cm in 
length and 2.4 kg in weight. For comparison, the 1982 adult females 
averaged 52.4 cm in length and 1.8 kg in weight, while the adult males 
averaged 54.4 cm in length and 2.2  kg in weight. Fecundity counts obtained 
from 33 sockeye, having an average weight of 1.9 kg and an average length 
of 54.4 cm, averaged 2,480 eggs per female. Size data were also collected 
on adult  coho returning to  Falls Lake in 1982, b u t  not in 1981. The adult 
female coho salmon averaged 59.6 cm in length and 2.7 kg in weight, while 
the adult male coho salmon averaged 59.7 cm in length and 3.0 kg in weight. 

Records of the subsistence catch from Falls Lake were compared t o  the 
catch recorded on the subsistence permits issued for Fa1 1s Lake (Table 9 ) .  
The estimated subsistence catch ranged from 654 f ish in 1981 t o  314 f ish 
in 1982, b u t  was as high as 877 f ish as recently as 1980. However, these 
figures may be in error  due to  f i sh  from a neighboring sockeye salmon system 
a t  G u t  Bay being included in the t o t a l ,  so the f ish attributed to  Falls 
Lake should be used t o  indicate only the relat ive magnitude of the actual 
subsistence catch. 

Population Estimates of Resident Char 

In September of 1981, the Dolly Varden population in Falls Lake was estimated 
t o  be between 1 ,154 and 1 ,518 f ish (95% confidence interval , P=.  05). The 
Dolly Varden caught in Falls Lake ranged in s ize  from 68 mm t o  485 mm, with 
a mean length of 135.5 mm. Large schools of Dolly Varden were not observed 
near sockeye spawning redds nor were they readily caught by sport fishing. 
Finally, incidental catches of rearing coho juveniles and sticklebacks were 
made a t  Falls Lake while sampling for  Dolly Varden char; however, a 



T a b l e  7. Sex and a g e  compos i t ion  of a d u l t  sockeye salmon sampled from F a l l s  Lake weir i n  1981 and 1982. 

1981" 
Age C l a s s  

1 .2 2.2 1 .3  2.3 3.3 2.4 T o t a l  
No. % No. % No. % No. % No. % No. % No. % 

Ma1 es 120 14.4 36 4.3 40 4.8 312 37.5 17 2.0 0 0 .0  525 63.0 

Females 150 18.0 50 6.0 18 2.2 82 9.8 8 1.0 0 0 .0  308 37.0 

T o t a l  270 32.4 86 10.3 58 7.0 394 47.3 25 3 .0  0 0.0 833 100.0 

1982 
Age C l a s s  

1.2 2.2 1 . 3  2.3 3.3 2.4 To ta l  
No. % No. % No. % No. % No. % No. % No. % 

Ma1 es 84 28.2 65 21.8 84 28.2 64 21.5 0 0.0 1 0.3 298 56.0 

Females 89 38.0 96 41.0 21 9.0 27 11.5 1 0.4 0 0.0 234 44.0 

T o t a l  173 32.5 161 30.3 105 19.7 91 17.1 0 0.2 1 0.2 532 100.0 

* I n c l u d e s  o n l y  f i s h  passed th rough  t h e  weir p r i o r  t o  August  13. An a d d i t i o n a l  183 f i s h  were counted from 
August  14 t o  September 2. 



Table 8. Sex and age composition o f  a d u l t  coho salmon from F a l l s  Lake i n  
1982 6 

Age Class  

1.1 2 . 1  3.1 Total 

No. % No. % No. % No. % 

Females 12 14.7 22 26.8 0 0 . 0  34 41.5 

Total 29 35.4 49 59.7 4 4.9 82 100.0 



Table 9. His tor ical  subsistence records f o r  Fa1 1 s  Lake, Baranof Is1 and. 

Year Number o f  Number of 
Permits Issued Sockeye Caught 

3 

14 

22 

Un known L/ 
4 3 

4 0 

3 4 

31 

11 Data was col la ted with G u t  Bay catch and consequently no spec i f i c  - 

data f o r  Fa l l s  Lake a r e  avai lable .  

21 Prior  t o  1975 the subsistence records f o r  Fa l l s  Lake were combined - 
with t ha t  of G u t  Bay and Redbluff Bay. 



population estimate was not made for  e i ther  the juvenile coho or 
sticklebacks ( s ee  Appendix D )  . 

DISCUSSION 

In order for  lake enrichment t o  resul t  in the enhancement of sockeye 
production from Falls Lake, the rearing environment must be limiting smolt 
production. If so, the population characteristics of the smolt and adult 
f ish should'reflect a poor rearing environment. That i s ,  i f  the production 
of smolt i s  limited by e i ther  a small spawning area or simply by a short 
term reduction in the numbers of spawning f ish (escapement 1 imited), lake 
enrichment will not l ikely resu l t  in a recognizable increase in smolt pro- 
duction. However, b o t h  these l a t t e r  two  conditions should be mirrored in 
the population character is t ics  of the smolt and returning adults. Thus, 
the central question to  be addressed i s  the balance that  exis ts  within the 
lake between the quality and quantity of forage items (principally 
zooplankton) and the number of foraging fry.  This balance subsequently 
determines b o t h  the quality and quantity of sockeye smolts, and the ocean 
age of adult  f i sh .  

In general, i f  the rearing fry:forage capacity ra t io  i s  small, the rearing 
capacity i s  not being challenged, i . e . ,  the lake i s  spawning area limited. 
In t h i s  case, the zooplankton population should r e f l ec t  a minimum predation 
pressure; and, the rearing f ry  should mature t o  the smolt phase a f t e r  one 
year of freshwater residence (>85%), and be larger t h a n  60-65 mm (>2 g) .  
If the rearing fry:forage capacity ra t io  has shifted so that  the rearing 
area i s  being negatively impacted by numerous rearing f ry ,  then the zoo- 
plankton population should re f lec t  the heavy foraging pressure. I n  t h i s  
case, the resulting smolts should e i ther  be a l l  (%85%) age 1.0 smolts of a 
minimum size (60-65 mm or ~2 g )  or a sizeable (>50%) population should rear 
for  more than 1 year in freshwater, and the resultant smolts should be 
larger than 60-65 mm (>2 g ) .  

Similarly, the population character is t ics  of the adult f ish should ref1 ec t  
e i ther  a surplus rearing area (spawning area 1 imited) o r  an infer ior  rearing 
area (rearing area limited). I n  general, larger age 1.0 smolts produce a 
majority of four-year-old adults with two years of ocean residence. As the 
rearing area becomes infer ior  and/or i s  overtaxed by the rearing f ry ,  the 
resultant smolts f i r s t  undergo a decrease in s i ze ,  which resul ts  in f ive and 
six-year-old adult f i sh  beginning t o  dominate the population with three t o  
four years of ocean residence becoming increasingly common. Thus, by 
following the population character is t ics  of both the adults and smolts, we 
can define the quality of freshwater rearing, i . e . ,  the balance existing 
between the number of rearing fry;  and the rearing potential o r  carrying 
capacity of the lake. 

The 1,293 sockeye returning to  Falls Lake in 1981 were found to consist of 
three-ocean (57%) and two-ocean (43%) f i sh  with a majority of the adults 
six-years-old (47%). For a similar sized escapement in 1982 (1,687 f i s h ) ,  
three-ocean f ish represented only 37% of the return while two-ocean f ish 
made u p  nearly two-thirds (63%) of the escapement. In 1982, unlike the 1981 



escapement, f i ve-year-01 d adults dominated the returni ng run. Thus, we 
observed tha t  in b o t h  years a sizeable proportion of the escapement con- 
s is ted of f ive and six-year-old f ish.  Additionally, we found that  57% of 
the 1981 adults returning t o  Fa1 1s Lake consisted of f ish that  spent two 
years rearing in the lake before smolting with an additional 3% spending 
three years rearing t o  the smolt stage. The remaining 39% of the f ish had 
spent one year rearing in the lake before smolting. In 1982, th i s  pattern 
shifted s l ight ly  so that  47% of the returning f ish had spent two years 
rearing in the lake while 53% had spent only one year rearing before 
smolting. Whereas the two-year freshwater f ish may have a marine survival 
advantage over one-year srnolts (because of a potential larger s i z e ) ,  we 
believe that  the returning adults of both years consisted of a sizeable 
fraction tha t  had spent two years or more rearing in the lake before 
smolting. This pattern i s  certainly consistent with the population char- 
ac t e r i s t i c s  found in the 1981 and in 1982 Falls Lake smolts. Moreover, the 
adult f ish which had the greatest  proportion of extended rearing in fresh- 
water (1981) also had the greatest  percentage of three-ocean f ish and the 
highest percentage of six-year-old adults. Thus, those f ish (1982) which had 
a high percentage (53%) of one year freshwater rearing also had a sizeable 
percentage of two-ocean f ish and the highest percentage of five-year-old- 
adults. A1 though within brood-year information i s  i ncompl e t e ,  the within 
year information obtained from the adult f ish in b o t h  1981 and in 1982 i s  
consistent with Falls Lake being characterized as rearing area limited. 

In the spring of 1981, we found that  the smol t population contained a 
sizeable fraction (40% of the outmigration) of age 2.0 f i sh .  In addition, 
the average length of the age 1.0 smolts was 68 mm with an overall smolt 
s ize of 72 mm and 2.9 g.  In 1982, we estimated that  125,000 smolts emigrated 
from the lake, and that  96% of the smolts had reared for  two or three years. 
In addition to  the extended rearing, the smol t s  were again small , with age 
1.0 smolts averaging 67 mm (2.4 g) and age 2.0 smolts averaging only 70 mm 
(2.8 g ) .  Like the extended freshwater residence time found for  the 1981 
and 1982 adult f i sh ,  a significant portion of the smolts emigrating in b o t h  
1981 and 1982 had reared for  more than one year, and were a1 so of a small 
s ize.  Both conditions are  consistent with the rearing area in Falls Lake 
limiting the qua1 i t y  and quantity of sockeye smol t s .  That i s ,  we feel that  
the quality of the smolts i s  reduced because of the i r  consistently small 
s i ze ,  and further that  the quantity i s  reduced because of the increased 
predation that  may take place on these smaller rearing f ry  during an 
extended freshwater rearing period. 

Finally, the mean s ize of the sockeye smolt population emigrating from Falls 
Lake i s  small especially when compared t o  sockeye smolt populations from 
clear  water Cook In1 e t  and Bri st01 Bay area lakes (Table 10).  However, the 
s ize of smolts are  comparable to smolts produced in southeast Alaska from 
McDonald and Hugh Smith Lakes near Ketchi kan (Haddix and Pel t z  1982), 
and the glacial lakes in Cook Inlet .  I t  should be noted tha t  the srnolts 
emigrating from b o t h  McDonald and Hugh Smith Lakes are predominantly age 1.0 
with a small proportion of age 2.0 smolts, b u t  Falls Lake tends t o  produce a 
larger percentage of age 2.0 smolts with an additional component of age 3.0 
smol t s .  



Table 10. Mean w e i g h t s  and l e n g t h s  o f  sockeye smo l ts  f r o m  d i f f e r e n t  systems 
i n  A laska  compared t o  1982 mean we igh ts  and l e n g t h s  o f  sockeye 
smol t s  f r o m  F a l l s  Lake. 

Mean Length (nm) Mean Weight (g )  
Loca t i on  Age 1 2 3 Age 1 2 3 

C l  ea r  w a t e r  1 akes 

Hidden Lake 143 200 

B i g  Lake 132 166 25.5 48.1 

Naknek Lake 

Kv ichak Lake 89 110 6.1 10.1 

Togiak Lake 8 5 101 5.5 9.5 

Red Lake 8 5 111 5.8 12.8 

Russian R i v e r  84 9 3 5.1 6.5 

Brooks Lake 83 109 5.2 10.1 

Des i r e  Lake 74 92 4.7 8.8 

D e l i g h t  Lake 
............................................................................ 
F a l l s  Lake 6 7 70 7 6 2.4 2.8 3.5 ............................................................................ 

G l a c i a l  1 akes 

Tustumena Lake 6 8 8 5 2.7 4.8 

Crescent  Lake,  6 8 76 2.8 3.8 

Kenai Lake 6 2 72 2.1 3.1 



Falls Lake also serves as a rearing area for  coho salmon. In 1982, 7,000 
coho smolts were estimated t o  leave the lake a f t e r  rearing for  two t o  three 
years. In f ac t ,  age 1.0 coho smolts equalled 6% of those sampled in 1981, 
and only 1 %  of the total  coho smolts sampled in 1982. In addition, the 
number of spawning adults was f a i r l y  low in b o t h  years the weir was operated. 
In 1981, 152 coho were passed through the adult weir compared t o  137 f ish 
in 1982. Thus, compared t o  the density of sockeye salmon adults and smolts, 
the population of coho salmon i s  considerably lower. However, considering 
the limited l i t t o r a l  area, which i s  restr ic ted to  a small area in the 
southwest corner of the lake, the low numbers of coho smolts being produced 
by the system are n o t  surprising. Coho fry feed, t o  a large extent,  on 
benthic invertebrates found within the l i t t o r a l  zone, yet zooplankton 
have been shown t o  be a sizeable portion of rearing coho forage especially 
when the fry are  added t o  f ish- less  lakes (Crone 1981 ) .  However, lakes 
containing a sizeable population of rearing sockeye f ry ,  normally contain 
zooplankters which are  of a smaller s ize due t o  the s ize selective nature 
of sockeye predation. This downward s ize  s h i f t  t o  below 1.0 mm within 
the zooplankton community severely r e s t r i c t s  the use of zooplankton as a 
food source by rearing coho since preferred prey items are 21.0 mm in 
size.  Consequently, rearing coho are often forced t o  the 1 i t t o ra l  zone 
t o  feed on benthic invertebrates and wind blown t e r r e s t r i a l  insects. 

In conclusion, Falls Lake i s  located in a steep-sided basin tha t  l imits  the 
amount of direct  sunlight the lake receives on b o t h  a daily and annual basis. 
Without th i s  exposure, annual productivity levels may be delayed due to  the 
limited available l igh t  reducing the length of the growing season. Nutrient 
enrichment of th i s  lake during the peak growing period should greatly 
enhance the growth  and survival of the rearing salmonids. This should 
resu l t  b o t h  in an increase in the marine survival of the larger smolts and 
the subsequent adult return which, in t u r n ,  would supplement the t radi-  
tional f isheries  supported by Fa1 1 s Lake and neighboring anadromous 
systems. The increase in t e r t i a ry  production would be particularly notable 
i f  the enhancement program increased b o t h  the number and s ize of age 1.0 
sockeye smol t s .  
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Appendix B .  D a i l y  counts of the  adult sockeye 
salmon nassed throuah the weir a t  

, F a l l s  ~ a k e  in 1981 and 1982.  

1981 
Passed Cumulative 

1982 
Passed Cumulative 

Date dai lv total daily total 

-- 1 ;632 
18 1,650 
2 1,652 
2 1,654 ' 
9 1,663 
0 1,663 
1 1,664 
3 1,667 
6 1,673 
4 1,677 
3 1,680 
2 1,682 
3 1,685 
2 1,687 
Weir Removed 



Appendix C .  Da i ly  c o u n t s  o f  t h e  a d u l t  coho salmon passed through 
t h e w e i r a t F a l l s L a k e i n 1 9 8 1  a n d 1 9 8 2 .  

1981 1982 
Passed Cumulative Passed Cumulative 

Date d a i l y  t o t a l  d a i l y  t o t a l  

1 1 
2 3 

- - 3 
- - 3 

1 4 
1 5 
3 8 
5 1 3  

- - 1 3  
- - 1 3  
- - 1 3  
- - 1 3  
- - 1 3  
- - 1 3  

1 14 
- - 14 

2 16 
1 1 7  

- - 17  
2 19 

10 2 9 
12 41 
5 6 9 7 
2 6 123  

9 132 
5 137 
Weir Removed 



Appendix D. I n c i d e n t a l  catches o f  coho j u v e n i l e s '  and- s t i c k l e b a c k  ( S t k  . )  
taken  f r o m  minnow t r a p s  a t  F a l l s  Lake i n  1981. 

- 

Hours Catch CPUE* 
Date F ished  co hop S tk .  C o h o S t  k .  

7/8/81 3.3 9 6 196 2.9 5.9 
719 6.7 3 0 180 .45 2.7 
7/10 17.2 7 0 210 .41 1.4 
7/10 9 .8  101 323 1.03 3.3 
7 / 1 1  8.0 30 127 .38 1.6 
7 / 1 1  13.5 66 201 .49 1.5 
7/12 15.8 7 0 346 .44 2.2 
7/13 11.3 106 296 .94 2.6 
7/14 14.2 48 330 .34 2.3 
7 /24 12.4 137 42 5 1.10 3.4 
7/25 13.5 8 6 305 .64 2.3 
7/26 12.6 46 118 .37 .94 
7/27 12.7 7 6 232 .60 1.8 
7/28 13 .O 171 244 1.32 1.9 
7/29 13.0 7 1 60 .55 .46 
8/24 15.7 12 3 .08 .02 
8/25 15.0 7 1 2 3 .47 .15 
8 /28 14.7 238 2 1 1.62 .14 
8 /29 14.2 164 16 1.15 .ll 
8/30 8.2 333 18 4.06 .22 
8 /31  16.0 230 10 1.44 .06 
9 1  1 15.2 124 12 - .82 .08 

X .93 1.34 
s .84 1.14 

*ca tch -per -un i  t - e f f o r t  range ( .08-4.06) (. 02-3.4) 
( f i sh/ t rap -hour )  n 22 2 2 
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ABSTRACT 

Falls Lake, Northern Southeast Alaska, was studied intensively for  two years 
as a cooperative project between the Alaska Department of Fish and Game, 
and the U. S. Forest Service. The purpose of the study was t o  determine 
the su i t ab i l i t y  of the lake for  inclusion into the lake enrichment program, 
a sockeye salmon enhancement technique. 

Falls Lake i s  an oligotrophic system currently a t  30% of the c r i t i ca l  o r  
allowable phosphorus loading level. During the summer period, inorganic 
nitrogen levels within the epilimnion undergo a severe depression which 
i s  accompanied by a moderate depression in reactive s i l icon.  I n  addition, 
seasonally defined chlorophyll a levels are  very low (G0.40 p p b )  with the 
zooplankton community being domTnated (70%-90%) by extremely small body- 
sized (G0.40 mm) herbivorous zooplankters. As such, the existing 
zooplankton community re f lec ts  an intense grazing pressure from rearing 
f i sh  including sockeye fry.  In t u r n ,  the sockeye migrate from the lake 
as small sized smolts a f t e r  an extended freshwater rearing period of u p  
t o  three years. 

After detailed limnological and fishery study ( s e e  Part I of t h i s  repor t ) ,  
i t  was determined that  the quality and quantity of the rearing area in Falls 
Lake limits current sockeye smolt production. That i s ,  smolt production 
could be enhanced by the application of inorganic f e r t i l i z e r  t o  the lake 
during the summer period. This would act  to increase the rearing capacity 
of the lake for  sockeye fry without causing a detrimental change in water 
qua1 i ty . 



INTRODUCTION 

Combined limnological and f isheries  investigations on Falls Lake began in 
1980 with a f eas ib i l i t y  study designed to pr ior i t ize  lake systems in 
Northern Southeast Alaska (Koenings and Barto 1981 ) as to  the i r  re lat ive 
potential for  inclusion into the lake enrichment program. Following the 
selection of Falls Lake as a high pr ior i ty  system, a detailed two year pre- 
f e r t i l i za t ion  study began in the spring of 1981 which will be completed in 
the spring of 1983. A t  t h a t  time, Falls Lake will be a candidate for  the 
actual addition of inorganic f e r t i l i z e r .  

By using th i s  integrated approach to study the ecology of rearing f ry ,  we 
have questioned the continuing uti 1 i  ty of the tradi t i  onal f  i  sheri es paradigm 
that  the reproduction, survival and production of any f ish population i s  
vir tual ly  independent of changes in abundance of other biotic or abiotic 
components of the water body. That i s ,  that  the system in need of study 
i s  comprised solely of a f ish population and fishermen. Thus, we feel tha t  
the successful application of the f isheries  enhancement techniques of lake 
enrichment (or lake stocking) will only resu l t  when the effects  of physical 
and chemical variables, and of other groups of organisms (e.g. ,  zooplankton) 
within the water body are  understood. The single most powerful tool avail-  
able t o  gain th i s  functional understanding of f ish production i s  the 
experimental manipulation of en t i re  lake ecosystems. Thus, the techniques 
of lake enrichment and lake stocking are used n o t  only t o  produce additional 
f i sh ,  b u t  are the best tools available t o  decipher, by observing cause-and- 
e f fec t  relationships,  the interacting vari bles in freshwater lakes which 
lead t o  successful f ish production. 

This portion of the report serves to  summarize the nutrient levels ,  and 
the primary and secondary production cycles found in the lake during the pre- 
enrichment phase. Like the f i sher ies  information, the limnological 
evaluation wi 11 define the 'before'  condition to  which conditions ' a f t e r '  
the addition of f e r t i l i z e r  will be compared. 

Study Si t e  Descri pti on 

Fa1 1 s Lake (ADF&G No. 109-20-01 3) i s  located on the east  side of Baranof 
Island ( l a t .  56" 4 9 9 ,  Long.  134' 42'W) (Figure 1 ) .  The lake has a surface 
area of 0.947 x 10'6 m2 (234 acres) ,  a volume of 30.4 x 10'6 m3 and 1 ies  
a t  an elevation of 6 m above sea level. The bottom contours of th i s  system 
are f a i r l y  convoluted, b u t  two major basins l i e  a t  the middle and northeast 
portions of the lake. The maximum depth of the lake (77.5 m )  l i e s  in the 
center basin while the northeast basin shallows to (50 m. The l i t t o r a l  
zone i s  n o t  extensive as the lake basin drops quickly along the margins t o  
depths greater than 20 m. The overall mean depth of the lake i s  32 m. A 
major shallow zone ( i  . e . ,  4 5  m) l i e s  on the southwest side of the basin 
where large beds of aquatic macrophytes were observed during the summer 
period. The mean annual precipitation a t  Falls Lake equals 432 cm which 
fa1 1 s on a combined lake plus watershed area of 16.6 km2. Thus, the lake 
receives a volume of water equal t o  57.3 x 10'6 m3 per year which resul ts  
in a water residence time of approximately 0.53 years. 



BATHYMETRIC MAP 

FALLS LAKE 
(BARANOF ISLAND) 

1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  
ADFBG NO 1 0 9 - 2 0  013 

L A T  5 6 ' 4 9  N ,  LONG 134'42 W 
SCALE IN METERS 

USGS QUAD MAP PORT ALEXANDER D 3 

MEAN LAKE SURFACE ELEV. ZOFI ( 6  l m )  

AREA '  2 3 4 4  ACRES (949 HA) 

CONTOURS IN METERS 

Figure 1. Morphometric map of Fa l l s  Lake showing the  loca t ion  of  t h e  major basins and t h e  limnological 
sampling S ta t ions  1 and 2.  



METHODS 

Transportation t o  and from b o t h  lakes was provided by float-equipped 
a i r c ra f t .  Limnological samples were collected by a small boat moored t o  
permanent sampl ing stations during a1 1 surveys. The frequency of sampl ing 
was designed t o  characterize the lake a t  three-week intervals from ice-off 
in the spring t o  ice-on in the winter. The lake was sampled for  algal 
nutrients (nitrogen, phosphorus, s i  1 icon and carbon) as we1 1 as other 
water qua1 i t y  parameters (soc Alaska Department of Fish and Game, Lake 
Ferti l  i z a t i ~ n  Guide1 ines) from b o t h  the epil imnetic and mid-hypo1 imnetic 
zones. Water samples from multiple (4)  casts with a non-metal i c  Van Dorn 
sampler were pooled, stored in 8-1 0 1 i t e r  transluscent carboys, cooled, and 
immediately transported in light-proof containers t o  Sitka for  f i l t e r ing  
and preservation. Subsequent f i l t e red  and unfiltered water samples were 
stored e i ther  refrigerated o r  frozen in acid cleaned pre-rinsed polybottles. 
The pre-processed water samples were then sent t o  the Soldotna Limnology 
laboratory for  analysis. 

All chemical and biological samples were analyzed by methods detailed in 
the Alaska Department of Fish and Game limnology manual (Koenings e t  a l .  
1980). In general, f i  1 terable reactive phosphorus ( F R P )  was analyzed by 
the molybdate blue-ascorbic acid method of Murphy and Riley (1962) as 
modified by Ei senreich e t  a1 . (1  975). Total phosphorus was determined 
by the FRP procedure a f t e r  persulfate digestion. Nitrate and n i t r i t e  were 
determined as n i t r i t e ,  following Stainton e t  a l .  (1977), a f t e r  cadmium 
reduction of n i t ra te .  Ammoni um analysis fol 1 owed Stainton e t  a1 . ( 1  977) 
using the phenolhypochlorite methodology while s i l i c a  analysis followed the 
procedure of Strickland and Parsons ( 1  972). A1 kal ini  ty levels were deter- 
mined by acid t i t r a t ion  (0.02 N H2SO4) t o  pH 4.5 using a Corning model 
399A specific ion meter. 

Particulate carbon, nitrogen, and phosphorus were estimated direct ly  from 
f i l t e red  seston prepared by drawing 1 t o  2 l i t e r s  of lake water t h r o u g h  
pre-cleaned 4.2 cm GF/F f i  1 t e r s .  The f i  1 t e r s  were stored frozen in 
individually marked plexislides until analyzed. 

Primary production (a1 gal standing crop) was estimated by chl orophyll 
(chl a )  analysis a f t e r  the fluorometric procedure of Strickland and Parsons 
(1972r. We used the low strength acid addition recommended by Reimann 
( 1  978) t o  estimate phaeophytin. Water samples (1  -2 1 i t e r s )  were f i  1 tered 
t h r o u g h  4.25 cm Whatman GF/F f i l t e r s  t o  which 1-2 mls of a saturated MgC03 
solution were added just  prior t o  the completion of f i l t r a t i o n .  The 
f i l t e r s  were then stored frozen in plexislides for  l a t e r  analysis. 

Zooplankton were collected from e i ther  duplicate bot tom t o  surface or 
50 m t o  surface vertical tows using a 0.5 m diameter, 153 p mesh conical 
zooplankton net. The net was pulled a t  a constant 1 m/second, and washed 
well before removing and preserving the organisms in 10% neutralized 
sugar-formal in (Haney and Hal 1 1973). 

Identification within the genus Daphnia followed Brooks (1957); of the genus 
Bosmina a f t e r  Pennak (1978); and of the copepods a f t e r  Wilson and Yeatman 
( 1  959), and Harding and Smith (1  974). Enumerati on consisted of counting 



t r i p l i c a t e  1 ml subsamples taken with a Hensen-Stempel pipette in a 1 ml 
Sedgewick-Rafter ce l l .  Size (length) of the individual zooplankters was 
obtained by counting a t  leas t  ten individuals along a transect in each of 
the 1 ml subsamples used in identification and enumeration. Zoopl ankters 
were measured t o  the nearest 0.01 mm as described in Edmondson and Winberg 
(1  971 ) . 
Bottom profiles were recorded with a fathometer along several lake transects 
and from these depth recordings bathymetric maps were developed. Using each 
map, the area of component depth s t r a t a  was determined with a polar 
planimeter, and lake volume ( V )  was computed by summation of successive 
s t r a t a  a f t e r  Hutchinson (1957): 

n h 
Lake Volume = c 3 (A1 + A2 + -2) 

i =l 

n 
Where : c = sum of s t r a t a  volumes i through n .  

i -1 

A1 = surface area of upper depth s t r a t a  ( m 2 )  

A2 = surface area of lower depth s t r a t a  (m2)  

h = distance between A1 and A 2  (m) 

Lake mean depth ( 2 )  were calculated as: 

Where: z = lake mean depth ( m )  

V = lake volume (.106m3) 

AL = lake surface area (-106m2) 

The theoretical water residence time ( T w )  was calculated as: 

Where: Tw = theoretical water residence time (years) 

V = total  lake volume (-106m3) 

TLO = total  lake outflow ( - 1 0 ~ m ~ ~ r )  

The collection of physical data included the measurement of lake temperatures 
and l ight  penetration a t  b o t h  Stations 1 and 2. Lake temperature profiles 
were measured using a Hydrolab meter. These recordings were taken a t  1 m 
increments from the surface t o  5 m, a t  2 m increments from 6-12 m ,  and a t  
10 m increments from 20-50 m.  The algal l igh t  compensation point was 



defined as the depth a t  which 1 %  of the subsurface 1 ight [photosynthetically 
available radiation (400-700 n m ) ]  penetrated, and was measured using a 
Protomatic submersible photometer. Recordings were taken a t  several depths 
between the surface and the compensation depth. Using these data, the 
natural logarithm of l i gh t  intensity was plotted against depth, and the 
slope of th i s  l ine  was used t o  calculate the l ight  extinction coefficient 
by date. In addition, water transparency was estimated using a 20 cm 
Secchi disk. 

Finally, in-both the Tables and Figures we have used the designation of 
e i ther  mg L-1 or pg L-1 to  report concentration data. However, in the 
body of the report we have used e i ther  parts per mi 11 ion (ppm) in 1 ieu 
of mg L-1 and parts per bi 11 ion ( p p b )  in 1 ieu of pg L-1 . We have made 
th i s  conversion in order t o  reduce the handling time of the report by 
o u r  support s t a f f .  

RESULTS 

Physical Features 

The euphotic zone of Falls Lake varied considerably during 1981 ranging 
from 3.51 t o  14.15 meters (Table 1 ) .  Generally, water c l a r i ty  tended t o  
change equally a t  b o t h  s ta t ions during the open water period, and averaged 
8.11 meters a t  Station 1 and 7.68 m a t  Station 2.  Overall, the euphotic 
zone of Falls Lake averaged 7.9 m in depth. In addition, there was a 
general trend for  the euphotic zone to  decrease in depth from 10 m to  14 m 
in the spring t o  4 m t o  5 m by l a t e  f a l l .  Corresponding with th i s  decrease 
was a similar change in the Secchi disk depth which decreased from 5 m t o  
7 m during the spring to  1 m by l a t e  f a l l .  Overall, the Secchi disk depth 
averaged 3.4 m o r  43% of the overall depth of the euphotic zone. 

In contrast ,  during 1982, the depth of the euphotic zone remained f a i r l y  
uniform increasing from approximately 9 m during the spring t o  over 14 m by 
the end of August (Table 1 ).  Thereafter, the euphotic zone began t o  
shallow, b u t  only t o  a depth of 8 m.  Overall, the euphotic zone averaged 
nearly 11 m in depth. Correspondingly, the Secchi disk depth remained 
relat ively s table  varying from 4.0 t o  7.0 m and averaged 5.6 m during the 
ice-free period. Overall, the Secchi disk depth represented 52% of the 
depth of the euphotic zone. 

A second feature of considerable importance to  the lake in terms of nutrient 
u t i l iza t ion  i s  the depth of the epilimnion or the volume of the trophogenic 
zone during the summer period. In 1981, the lake was isothermal a t  s l ight ly  
less  than 4°C during April (Figure Za), warmed s l ight ly  a t  the surface t o  
nearly 9°C by mid-May, and by the f i r s t  part of June had developed a stable 
thermal structure.  This defined the depth (approximately 10 m) t o  which 
wind generated mixing would circulate  the water within the epilimnion. 
Epilimnetic heating continued into the middle of July when temperatures a t  
the surface approached 16°C. Thereafter, the upper surface water temper- 
ature remained a t  or less than 16"C, b u t  the deeper portions of the 
epilimnion continued t o  warm through the end of August. In September, the 



Table 1 .  The penetration of phytosynthetically available radiation 
( P A R )  which defines the l imit  of the euphotic zone ( the 
penetration of 1% of sub-surface l igh t )  compared to  the 
depth a t  which the Secchi disk i s  no longer visfble in 

. F a l l s  Lake for  1981 and 1982 a t  Stations 1 and 2.  

Vertical 
Extinction 

Euphotic zone Coefficient Secchi Disk 
( m )  (m-1) depth ( m )  

Station 1 2 1 2 1 2 
Date 

*Estimated from the relationship S.D./1% l ight  level = 0.52 
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Figure 2. Temperature p r o f i l e s  f o r  Fa l l s  Lake a t  S t a t ion  1 f o r  both 1981 ( a )  and 1982 ( b )  showing 
seasonal heat ing and cooling cycles  which d e f i n e ~ t h e  onse t  and l o s s  of a  s t a b l e  epilimnion. 



lake began t o  cool b o t h  by heat loss t o  the increasingly cooler a i r  and by 
deep mixing with cooler water until the end of September. By the middle 
of November,the lake was again isothermal, and mixing from t o p  t o  bot tom.  
Thus, by wind generated mixing the thermocline or bot tom of the epilimnion 
deepened from 10 rn t o  nearly 16 m from early June t o  the end of September. 

During 1982, the seasonal temperature profiles were much the same as those 
found in 1981 (Figure 2 b ) .  That i s ,  the period of heating lasted from 
early June to  the end of August, b u t  by mid-October the thermal structure 
had considerably weakened. By the end of November, edge-ice was beginning 
to  form and mid-lake surface temperatures dipped t o  less  than 2°C. Thus, 
the period of thermal s t a b i l i t y  lasted from the f i r s t  part of June t o  the 
f i r s t  part of October or approximately 16-18 weeks. 

Di ssol ved Gases 

Dissolved oxygen ( D . O .  ) concentration profiles a t  both s tat ions were 
consistently above 9 ppm within both the epilimnion and the hypolimnion 
(Table 2 ) .  Whereas, oxygen levels were consistently above 90% saturation 
within the surface s t r a t a ,  D.O.  levels within the hypolimnion decreased t o  
as low as 66% during July and August of 1982. These percent saturation 
values may be somewhat low due t o  measurement error  as the same depth (65 
m )  contained higher D.O.  concentrations a f t e r  t h i s  sampl ing period. The 
accuracy of the measurements during th i s  period i s  questioned because the 
lake was well s t r a t i f i e d  by th i s  time, and the dissolved oxygen (once 
reduced) could only be renewed by physical mixing with surface water, 
which did n o t  occur. Nonetheless, the lake did exhibit in b o t h  years 
(especially in 1982), a s l igh t  hypolimnetic lowering of the oxygen concen- 
t ra t ion which appeared t o  be most pronounced within the lower s t r a t a  of 
the deeper basin i . e . ,  a t  Station 1 .  

General Water Qua1 i ty Indicators 

The primary cynosure of Falls Lake water quality regardless of depth i s  
the lack of ions as indicated by an extremely low conductivity ( ~ 1 5  pmhos 
cm-1) and a very low a1 kal ini  ty ( ~ 7  ppm as CaC03) (Tables 3 and 4 ) .  I n  
addition, the low a1 kal in i ty  imparts 1 i t t l e  buffering capacity t o  the 
system resulting in the inabi l i ty  of the water to  r e s i s t  pH changes. 
However, the pH did remain f a i r l y  s table  with few large scale variations 
e i ther  by season o r  with depth. Generally, the pH was observed t o  be 
s l ight ly  on the acidic side of neutral ( ~ 6 . 5 )  with low values around 5.5 
and higher values s l ight ly  in excess of 7.5. 

Cal ci um levels were found to be in the 1 ow t o  medi um range fo r  A1 askan lakes 
while magnesium levels were undetectable a t  (0.3-0.5 ppm, which i s  n o t  an 
unusual occurrence for  Alaskan waters. Iron levels in Falls Lake were 
higher than expected for  c lear  water lakes ranging from 11 t o  372 p p b ,  b u t  
are consistent with levels found in organically stained systems. Of par- 
t i cu la r  in te res t  i s  the increase in iron found to occur in the l a t t e r  part 
of 1981 i . e. ,  in 1 a te  August (Table 3 ) .  This increase para1 1 el s the 
decrease in 1 ight penetration (Table 1 )  observed during the same time 
interval.  I n  contrast ,  in 1982 when l i t t l e  change was observed in l igh t  



Table 2. The seasonal change i n  t h e  concen t ra t i on  and percen t  s a t u r a t i o n  of oxygen w i t h i n  t he  ep i  l i m n i o n  ( 1  m) 
and hypo l imn ion  (65 m and 35 m) o f  F a l l s  Lake d u r i n g  1981 and 1982 a t  S t a t i o n s  1 and 2 r e s p e c t i v e l y .  

D isso lved  Oxygen 
S t a t i o n  1 2 
Depth 1 m 65 m I m 35 m 
Oxygen Concent ra t ion  S a t u r a t i o n  Concent ra t ion  S a t u r a t i o n  Concentrat ion S a t u r a t i o n  Concent ra t ion  S a t u r a t i o n  
Date (mg L-1)  ( % )  (mg L-1)  ( %  (mg L-1) ( % I  . (mg L-1 ) (%)  



Table 3.  The seasonal change of general water quality parameters and nutrient concentrations within the 
epilimnion ( 1  m )  and hypolimnion (46 m and 26 m )  of Falls Lake during 1981 a t  Stations 1 and 
2 respectively. 

OateIDepth 
S t a t i o n  
?ara;;eter 

A1 k a i  i n i ~ y  
(mg :-1 as CzC03) 5 4 7 1 0 5 6  2 4 6 5 6 5 6 5 l 2 9 3 g 8 8 8 Q t  

Calc ium 
(mg L - l )  3.0 2 .2 3.0 2.2 2.2 2 .2  3.1 3.1 3.1 3.1 3.1 3.1 3.9 3.1 3.2 2.4 3.2 3.2 4.0 3.2 3.2 4.0 

Magnes i urn 
(mg L-1)  (0.5 (3.5 (0.5 (0.5 (0.5 (0.5 (0.5 (0.5 (0.5 (0.5 (0.5 (0.5 (0.5 (0.5 ( 0 . 5  a . 5  ( 0 . 5 G . 5  (0.5 (0.5 (0.5 (0.5 

I r o n  
( i ig  L -1 )  

T o t a l  9isso;vea 
Sol i d s  (mg L-1)  --- 25 - - -  --- ---  - - -  - - -  - - -  --- --- 11 --- --- --- --- --- 11 21 --- 31 --- 32 

T o t a l  Phosphorus 
(f ig L-1 as P) --- 2.5 2.8 3.0 2.6 3 . 2  - - -  2 . 8  --- 1.6 --- 3 . 4  1 . 8  6.4 1 .2  2.8 1 .6  - - -  1 .6  3.1 1.2 1 .7  

T o t a l  F i  1  t e r a b l e  
Phosphcrus 
( i ig L-1 as P) 2 . 2  1 .7  1 .2  1.3 1.3 1 . 2  2.1 1.0 r.6 1.4 3.7 1 . 0  1 . 2  0 . 5  0 .7  2.9 2 . 5  2 .5  3.5 3.5 i.: 3 . 2  

F i l t e r a b l e  R e a c t i v e  
Phosphoriis 
(pg  L-1 as P) 0 .6  1 . 4  (0.5 0.6 0 . 5  0 . 6  1 . 0  1.0 5.2 0 .7  1 . 4  0.8 1.1 0.5 0.7 1.5 0.9 - - -  : . 6  1.5 0 .5  0.9 

V i t r a c e  T N i t r i t e  
(iiq L-1 as !;) 35 41 37 343 32 33 25 36 25 34 12 32 1 4  37 5 42 <0.540 5 1 a . 5  38 

dnirlon i ti:;: 
(ug i - 1  as ' 4 )  (0.5 3  18 4 3 6 3 10 8 8 8 12 0.6 4 16 11 6 9 1 0 1 3  S 8 



Table 3 continued. The seasonal change of general water qua l i ty  parameters and nu t r i en t  concentrations within 
the  epilimnion (1 m) and hypolimnion (46 m and 26 m )  of Fal ls  Lake during 1981 a t  Sta t ions  
1 and 2 respectively.  

Da+r,/Depth -. -. a l l 3  . - -- 8 /27  9/17 10/01 _- - . -. - -. .. -- -. -- - --- -- 11;o;i _--_ ~ - - _. 
7 n 

1 2  1  2 1 1 2  1 
1 li.-2___. - 

S t a t i o n  - .- 2 1 2 

A l k a l i n i t y  
( m g L - 1 a s C a C 0 3 )  7  6 6 3 6 4 6 4 16 6 6 5 6 6 6 6 7  6 6 6 11 7 7 23 

I 
Iron ( u g  L - 1 )  72 36 95 46 160 53 80 3J i5; 189 225 67 271 75 288 59 85 57 173 52 316 372 368 281 

T o t a l  P h o s ~ ~ o r u ~  
i u g  L-1  as P )  6 .1  1 .9  2.4 4 . 9  3.1 4.6 3.6 8.: 5 . 2  1 1 . 6  6 . 4  5.9 6 . 3  3 . 8  7.8 4 . 5  4.2 2.3 2.9 2 . 5  5.9 14.7 2.: 17.9  

I ier-a31e R e a c t i v e  
Phos~norus  
(fig L-1 as P )  0 .6  2.4 0.9 0.6 1.8 1.1 0.9 3 .7  1 . J  3.9 0.3 7.6 7 .2  1 .7  1.6 1.2 1.9 1 . 0  2.1 1 .1  1.9 1.2 3.1 2 2  

N i t r a t e  + N i t r i t e  
( u g  L-1  as N) Q . 0 3 0  13 47 7 52 1 0  2 17 31 6 44 1 7  43 l d  37 27 52 24 38 35 LC 34 35 

Re3c t i ve  S i l i c a  
( u g  L-1 as  S i )  505 55' :YS 29; 310 319 369 197 250 296 525 321 578 560 598 544 641 526 622 569 573 53:: 609 632 

- ~ - ~ .-. . - . -. - - - - . . - - - - - -- - - .- 



Table 4. The seasonal change of general water qua l i ty  parameters and nu t r i en t  concentrations within 
the epi limnion (1 m) and the hypo1 imnion (46 m and 26 m )  o f  Fa1 1s Lake during 1982 a t  
Sta t ions  1 and 2 respectively.  

Date/Septh 5/01 6!33 7 / 2 3  
2 

8112 6/69 - -- 
S t a t i o n  1 _ _ -  1 2 - .  _- - .  1 2 -- 1 2  1 

-. 1 
2 

1 4 6 m  1 7 1  2 6  1 3 6  I n  2 6  1 2 1  3 6 m  1 i n  2 5 m  ! i n  4 6 ; n  l a - 2 5 1 ~  P a r a n e t e r  

C o n d u c t i v i t y  
(umhos cm-1 ) 

pH 

A l k a l i n i t y  
(mg L-1 a s  CaC03) 

Calcium (mg L-1)  

Magnesium (mg L-1)  

I ron  (ug i - 1 )  

To ta l  hosphorus 
(,g L-7 a s  P )  

T o t a l  F i l t e r a b l e  
Phosphorus 
(ug L-1 a s  P )  

Fi 1 t e r a b i e  2 e z c t i v e  
?hosphorss  
(fig L-1 a s  P) 

N i t r a t e  + N i t r i ~ e  
(ug L-1 a s  N)  

A m o  n i urn 
( u s  L-1 a s  N )  

Reac t ive  S i l i c a  
(ug L-1 a s  s i )  



Table 4 continued. The seasonal change of general water quality parameters and nutrient 
concentrations within the epilimnion (1 m )  and hypolimnion (46 m and 
26 m) of Falls Lake during 1982 a t  Stations 1 and 2 respectively. 

Date/Depth -- 8/31 -- 9/24---- 10 /13  11 /05  11 /30 
S t a t l o n  1 - 2 -- _ 1 __ 2 - ____ 1 ____ 2 __- 1 -p 2 1 2 - - 
P a r a r e t e r  - -- 1 m  4 6 m  l m  2 6 -  1 1  X m  i l i  2 6 n  l r n  4 6 m  l m  2 6 m  1 m  4 6 1 1  1 7  2 5 n  1-rn 4 6 r ;  1 -  2 5 T  -- --- 

Condcc t i v :  ;y 
(pmhos cin-1) 20 21 --- 20 18 21 19 20 1 8  21 1 8  20 20 21 19 19 21 20 20 18 

A l k a l i n i t y  
(mg L-1 as CaC03) 7 7 - - -  

Ca lc ium (mg L-1 )  2.5 2.5 --- 2.5 5.0 3.8 6 .3  6 .3  2.5 1.3 2.5 3.8 3.8 3.8 3.8 3.8 2.2 2.2 2.7 2.7 

Magnesium (ms L -1 )  (0.3 (0.3 --- <0.3 (0.3 1 .4  1.4 1 . 4  (0.3 (0.3 <0.3 (0.3 G . 3  (0.3 0 . 8  1.4 (0.3 G . 3  (0.3 (0.3 

I r o n  ( d s  L-I) 25 34 12 47 22 21 19 11 32 1 7  36 15 26 19 21 30 59 59 50 57 

T o t a l  P h o s p ~ o r u s  
(ug L - ]  as P )  4 . 8  4.8 3.9 5.1 6.9 7.6 6.0 4 .3  8.7 6 . 7  8 .1  9.0 3 . 2  2.8 3 . 5  3 .1  6.1 4.9 C.2 6.4 

Tota l  F i  1 t e r a b l e  
Phosphor i ;~  
(pg  L-1 as P )  2 .6  1.8 2.8 1 .7  2.1 2.7 3.1 2.4 2.3 2 . 4  2 .6  2.2 2.5 2 . 3  2.3 1 .2  2.7 2.3 3.5 a.1 

F i l t e r a b l e  R e a c t i v e  
Phosphorus 
(dg  L-1 a s  P)  1.7 1 .3  2.2 1 .1  1.2 1.2 1.5 1 . 4  1.7 1.2 j . 4  1 .1  1 .2  0 .3  1.3 i . 2  1 .3  1.3 1.4 2 .0  

N i t r a t e  + N i t r i t e  
(f ig L-1 as N )  (2 49 <2 38 4 59 <2 49 20 60 15  50 27 45 28  38 36 44 39 40 

R e a c t i v e  S i i i c a  
(ug  L - ~  as S i )  a72 621 - - -  5 j 1  311" i ? ? *  284" 233* :89* 268* 2C0" 250C 20?* 243+ 24C* 222* 584 581 579 501 



penetration over the en t i re  ice-free period, iron levels remained unchanged 
as we1 1 (Table 4) .  The cause-and-effect re1 ationship between high iron 
levels and decreased 1 ight penetration involved an intermediate, i .e.  , the 
yellow colored organic acids which s tain the lake. These organic acids 
act  as sequestering agents for  iron thereby increasing i t s  ' so lub i l i t y '  
in oxygenated lake waters. 

By imparting color t o  the water, the acids ac t  t o  r e s t r i c t  l igh t  penetration 
t o  a few meters drast ical ly  reducing the volume of the trophogenic zone. In 
addition, these organic colloids selectively absorb l ight  in the photosynthe- 
t i ca l ly  effective wavelengths thereby direct ly  competing with algal pigments 
for  energy. In the case of the organic colloids,  the energy captured i s  
released t o  the water as heat. Consequently, the upper layers of water are 
more quickly warmed, and reach higher seasonal temperatures than do c lear  
water lakes. Thus, the degree of color imparted t o  a body of water by 
varying concentrations of organic colloids has important consequences on the 
ultimate productivity of stained lakes. 

Nutrient Cycles 

The algal- nutrients of particular in te res t  are  carbon (a1 kal ini  t y )  , phosphorus, 
nitrogen and s i l icon.  Silicon levels were f a i r l y  low in Falls Lake, b u t  
were consistent with levels found in other Southeast Alaskan lakes. During 
1981, s i l icon concentrations were in the 500-600 ppb range from April through 
July,  and from October t o  November. However, in August and September, 
s i l icon levels dropped t o  G300 ppb (Table 3) .  

During 1982, s i l icon levels were again in the 500-600 ppb  range with a trend 
for  surface water values t o  be less  than those found within the hypolimnion 
(Tab1 e 4 ) .  Again as in 1981 , s i  1 icon levels were higher during the spring- 
summer period, and again in l a t e  November. During the September-early 
November period however, s i l icon levels dropped t o  approximately 200 ppb a t  
a l l  depths and s tat ions sampled. However, some concern does ex is t  on the 
r e l i a b i l i t y  of these lower values because of the inadvertent freezing of 
the sample water during shipment to  Soldotna. 

Inorganic nitrogen levels for  both years were found t o  be extremely low. 
In particular during 1981, ammonium concentrations were very low rarely 
exceeding 10 ppb within both the epilimnion and the hypolimnion a t  b o t h  
s ta t ions (Table 3) .  In 1982, ammonium levels followed the same pattern as 
in 1981 being in the <lo-20 ppb range for  a majority of the sampling period. 
An exception was noted in that  ammonium levels reached 30-50 ppb during l a t e  
August and September within the surface s t r a t a  a t  Station 1 (Table 4 ) .  

Nitrate + n i t r i t e  nitrogen prove to  be the most rel iable  indicator of when 
nutrient ut i  1 i zati  on by the phytopl ankton began t o  exceed nutrient supply. 
Nitrate nitrogen levels (with rare exception) remained a t  or below 50 ppb  
within a l l  dates and depths sampled during both years of study. However, 
even within th i s  narrow range (0-50 ppb)  of concentrations, di scernabl e 
trends were very evident and extremely important. During 1981, n i t r a t e  
levels a t  b o t h  s ta t ions and within b o t h  s t r a t a  (epilimnion and hypolimnion) 
were very similar during March through May (Table 3) .  However, even within 



the l a t t e r  date a s l ight  decrease in n i t ra te  levels were observed in the 
epilimnion compared to  those within the hypolimnion. This downward trend 
continued into early June, and by the end of June, epilimnetic n i t r a t e  
concentrations were only 5 ppb  a t  Station 1 and undetectable a t  Station 2, 
whereas hypolimnetic n i t ra te  levels during th i s  period remained unchanged. 
Thereafter, epilimnetic n i t r a t e  levels remained undetectable, and only 
became detectable again a t  b o t h  s ta t ions by the end of August. Nitrate 
concentrations then continued t o  r i s e  through the beginning of October, 
reaching spring levels by the end of November. 

I n  1982, n i t r a t e  levels were again low (G50 p p b ) ,  b u t  d idn ' t  reach unde- 
tectable levels within the epilimnion until l a t e  July to  early August 
(Table 4 ) .  Prior t o  July,  epil imnetic n i t r a t e  levels progressively 
decreased from early June t o  the end of June, and were less  than that  found 
within the hypolimnion. Undetectable n i t r a t e  concentrations were found 
within the epilimnion from l a t e  July through September, b u t  in mid-October 
n i t r a t e  levels increased reaching spring levels by the end of November. 
Thus, for  b o t h  years the period of n i t r a t e  depletion within the epilimnion 
lasted from the f i r s t  part of June through the end of September and into 
early October. 

Phosphorus levels are of c r i t i ca l  importance because of the correlation 
between total  phosphorus ( total  - P )  1 oading and resul tant  primary production. 
In 1981 , spring total  phosphorus concentrations (taken during l a t e  April ) 
equal led 2.9 ppb (Table 3 ) .  During the summer period, total  -P levels found 
in the epil imnion were less  than those found within the hypo1 imnion, except 
for  the October and November samples. More importantly, total-P levels 
remained low within the epilimnion ( a t  approximately 2.0 p p b )  until the end 
of August. By the f i r s t  part of October, epilimnetic total-P values had 
increased t o  greater than 7 ppb. After a decrease t o  less  than 4 ppb during 
the f i r s t  part of November, total-P levels again increased t o  greater than 
8 ppb by the end of November. 

In 1982, total-P levels were again low in early spring a t  (2 ppb, b u t  
increased t o  just  under 4 ppb by the end of June, and then remained f a i r l y  
constant until the middle of August (Table 4 ) .  Thereafter, total-P concen- 
t ra t ions increased t o  over 8 ppb by the middle of October, b u t  dropped to 
between 4-5 ppb by the end of the year. Thus, in both seasons of study, 
epilimnetic total-P concentrations peaked in l a t e  September/early October 
a t  7-8 ppb which were four-fold the spring turnover values of <2 ppb .  

Inorganic phosphorus (estimated by f i  1 terabl e reactive phosphorus) was 
consistently detectable ( i  . e . ,  20.5 ppb) within the epil imnion; however, 
concentrations were extremely low. During the spring of 1981, reactive 
phosphorus (reactive-P) levels were a t  the detection l imi t ,  b u t  began t o  
increase in mid-May to approximately 1 ppb (Table 3 ) .  This 1 eve1 was 
maintained through the end of August a f t e r  which reactive phosphorus 
concentrations increased t o  above 1 ppb  reaching 2.5 ppb  by the end of 
November. 

I n  1982, epilimnetic reactive phosphorus levels within the spring period 
were very low ((1 ppb), b u t  increased t o  s l ight ly  less than 1.5 ppb from 



early June through the middle of August (Table 4 ) .  A t  the end of August, 
reactive phosphorus levels increased to  2.0 p p b ,  b u t  quickly dropped t o  jus t  
below 1.5 ppb by the end of September. 

Nutrient Ratios 

The r a t io  of inorganic nitrogen (ammonium + n i t r a t e  and n i t r i t e )  t o  total  -P 
underwent considerable change in Falls Lake primarily within the epilimnion 
during the l a t e  spring t o  early f a l l  period during b o t h  years of study 
(Table 5) .  . 

In 1981, the epilimnetic inorganic nitrogen (1N):total-P ra t io  a t  Station 1 
began t o  d r o p  by the 14 July sampling period t o  14:1 (by atoms). Thereafter, 
the 1N:total-P r a t io  remained below 14:l until the beginning of November. 
During th i s  same period, the hypolimnetic 1N:total-P r a t io  remained consis- 
tent ly  above 30: 1 (except for  the 17 September sample). A t  Station 2 ,  a 
decrease in the 1N:total-P r a t io  was observed in the f i r s t  week of June 
which persisted below 14:1 until the f i r s t  week of November, except for  the 
13 August sampling period. In contrast ,  within the hypolimnion the r a t io  
persisted above 14:l (except for  27 August). Thus, a lower 1N:total-P r a t io  
was found t o  occur a t  Station 2 e a r l i e r  in the spring than was observed a t  
Station 1 ,  and, in addition, nutrient ra t ios  were consistently lower a t  
Station 2 within both the epilimnion and the hypolimnion. 

In 1982, the same cyclic trends were noted as were found in 1981, except 
that  the decrease in the 1N:total-P r a t io  began l a t e r  in the year. In 
par t icular ,  a t  Station 2 during June the nutrient ra t io  remained s l ight ly  
above 14:1, b u t  by the end of July had decreased below 5: l .  In contrast ,  a t  
Station 1 the ra t io  remained relat ively high t h r o u g h  the en t i re  summer 
period, decreasing significantly be1 ow 14: 1 only during the middle of 
October. A t  b o t h  s ta t ions within the hypolimnion, the r a t io  remained sig- 
nificantly above 14:l for  the en t i re  year decreasing s l ight ly  a t  Station 2 
during the middle of October. Thus, a lowering of the 1N:total-P ra t io  
within the epilimnion during the summer growing season appears t o  be a 
character is t ic  of the nutrient cycles within Falls Lake. Low 1N:total P 
ra t ios  were found t o  be particularly severe a t  Station 2 ,  the shallower of 
the two stat ions.  

A1 gal Biomass 

The seasonal cycle of algal standing crop was estimated from the changing 
chlorophyll a (chl a )  content. In addition, samples are currently being 
analyzed f o r a l g a l  densi t ies  by taxa, however, these resul ts  are n o t  
completed and cannot be presented a t  t h i s  time. 

In 1981, chl &was extremely low a t  both s tat ions averaging only 0.34 ppb 
a t  Station 1 and 0.44 ppb a t  Station 2 fo r  the June t h r o u g h  September period 
(Table 6 ) .  I n  general, there was a trend for  the chl a content of the 
surface s t r a t a  to  be greater in early May and then decrease t o  seasonal 
lows during June through the middle of August. Peak chl a levels of 0.72 
ppb  were observed in May a t  Station 1 ,  b u t  occurred l a t e r a t  Station 2 ,  
reaching 0.63 ppb  during September. After September, chl a levels declined 
t o  low levels reaching G0.20 ppb a t  b o t h  stations by the eFd of November. 



Table  5. The r a t i o  of i n o r g a n i c  n i t r o g e n  
(ammonium + n i t r a t e  and n i t r i t e )  t o  
t o t a l  phosphorus c o n c e n t r a t i o n s  (by 
atoms) w i t h i n  t h e  e p i l  imnion (1  m) 
and hypo1 imnion (46 m and 26 m) 
d u r i n g  1981 and 1982 a t  S t a t i o n s  1 
and 2 r e s p e c t i v e l y .  

Inorgan ic  Ni t rogen:Total  Phosphorus 
(by atoms) 

Depth 
Date 1 m 46 m 1 m 26 m 

*4 m dep th  sampled 
**Estimated ammonium c o n c e n t r a t i o n  



Table  6 .  The c o n c e n t r a t i o n  o f  c h l o r o p h y l l  a  ( c h l  a )  and phaeophyt in  by d a t e  
w i t h i n  t h e  e p i l i m n i o n  (1 m) o f   ails ~ a k e  d u r i n g  1981 and 1982 a t  
S t a t i o n s  1  and 2. 

S t a t i o n  1  (1 m) 1 
Chloroph 11 i' Phaeoph t i n  z Chloroph 11 Y Phaeoph t i n  

Date (!lg L-  (!4l L-  ) ( ~ 4  L- ) ( ~ g  L- z ) 



In addit ion t o  chl a being determined in surface samples, chl a was measured 
both a t  the  middle a n d  bottom of the euphotic zone. The l a t t e r  two sampl ing 
depths changed depending on the degree of l i g h t  penetrat ion.  Except f o r  the  
ea r ly  spring and l a t e  f a l l  turnover periods, the highest chl a content was 
consis tent ly  found a t  the deeper depths. T h u s ,  a t  Stat ion 1 t h e  chl a 
content of the water column increased with depth averaging 0.34 ppb a t  the  
t o p  of the  euphotic zone, 0.45 ppb  a t  the  mid-euphotic depth and 0.85 ppb 
a t  the bottom of the  euphotic zone. The chl a content of the  above p ro f i l e  
was somewhat l e s s  than t h a t  observed a t  the  sEallower Stat ion 2 where 
seasonal means increased t o  0.40 ppb a t  the  top of the euphotic zone, 0.71 
ppb a t  the mid-euphotic depth, and 0.85 ppb a t  the bottom of the  euphotic 
zone. 

Comparing the surface seasonal mean chl a with the  depth integrated 
seasonal mean, Sta t ion 1 averaged 0.34 ppb within the  surface s t r a t a  compared 
t o  0.54 ppb  as the depth integrated mean. Similar ly ,  a t  Sta t ion 2 the  
seasonal mean chl a content increased from 0.40 ppb  a t  the  surface t o  0.64 
ppb a s  the depth integrated seasonal mean. 

In 1982, samples were taken from the surface s t r a t a  only (Table 6 ) ,  and 
the chl a content found was again exceedingly low. Seasonal mean concen- 
trations-(~une-September) equalled 0.40 ppb a t  Stat ion 1 and 0.41 ppb  a t  
Sta t ion 2. Peak chl a l eve l s  were again found t o  occur in September a t  
both s t a t i ons  reaching 1 . I  ppb a t  Sta t ion 2 ,  and 0.81 ppb a t  Sta t ion 1 .  

Comparing the  two seasons, the  chl a content was very s imi lar  i . e . ,  a t  
Sta t ion 1 chl a l eve l s  equalled 0.34 ppb in 1981 compared t o  0.40 ppb in 
1982, and a t  Sta t ion 2 chl a equal led 0.44 ppb in 1981 compared t o  0.41 ppb 
f o r  1982 f o r  the June-SepteEber period. Overall,  the mean chl a content 
f o r  the epi 1 imnion during the June-September period in 1981 equ71 led 0.39 
ppb, and f o r  the same period in 1982 equalled 0.40 ppb. 

Zooplankton 

The zooplankton community of Fal ls  Lake during 1981 and 1982 consisted of 
f i ve  species of macro-zooplankton; three  cladocerans and two copepods. In 
addit ion t o  the  macro-zooplankton, four genera of r o t i f e r  were found in 1982, 
b u t  only three  genera were observed in 1981. 

During 1981 and 1982, the 1 imnetic cladoceran comniunity ( i n  order of 
numerical abundance) consisted of Bosmina Zongirostris, Daphnia Zongiremus 
and HoZopedim gibberwn while the copepods were represented ( i n  order of 
abundance) by Diaptomus franciscanus and CycZops vernaZis (Tables 7 and 8 ) .  

In terms of supporting a population of rearing sockeye f ry  there  a r e  three  
main cha rac t e r i s t i c s  of the zooplankton community of i n t e r e s t .  F i r s t  i s  
the numerical abundance and r e l a t i ve  species composition, second i s  the  
timing of zooplankton abundance versus the  input of f r y  off  the spawning 
beds, and t h i rd  i s  the body-size of the  macro-zooplankton. 

The numerical l y  dominate zoopl ankters during 1981 were the r o t i f e r s  which 
comprised 63% of the community a t  Sta t ion 1 and 54% of the community a t  



Table  7 ,  Seasonal  d e n s i t y  p a t t e r n s  o f  t h e  zooplankton by t a x a  w i t h i n  F a l l s  Lake d u r i n g  1951 a t  S t a t i o n s  
1 and 2 .  

Station 1 
Oate (1981) 

Sosmiw Zongirostris 
Daphnia Zongirems 
HoZoc2Li.:u.r g i b 3 e ~ m  
Sub total (cladocera) 

Cyclops verncrlis 
Diap tcm4s franciscanus 
Subtotal (copepod) 
Total macro-zooplankton 

Ke ZZizottia Songispina 593 46 46 1,974 45,148 25,916 51,095 120,988 67,944 29,152 9,424 7,132 
Conoch<Zoidas sp. 0 110 0 1,854 7,094 23,561 9,272 18,212 7,005 14,786 9,335 10,150 
AspZcncira s p. 0 764 1,019 10,392 66,225 1,800 0 0 0 0 0 0 

I KeratsTSc sp. 0 0 0 0 0 0 0 0 0 0 0 0 
'a 
0 

Station 2 
Date (1981) 

Bosmina Zongirostris - - 703 474 1,999 4,419 6,724 29,674 28,681 34,437 53,986 18,938 4,376 
Daphnic Zongiremus - - 382 428 509 866 1,528 2,292 4,585 2,394 2,292 3,184 1,149 
lio%ooedi~um g i b b e m  -- 0 110 71 3 993 2,038 2,738 2,038 509 0 0 

-- 
0 

Sub total (cladocera) 1,085 1,012 3,221 6,278 10,290 34,704 35,304 37,340 56,278 22,122 5,525 

CycZops vernaZis -- 130 3,823 12,519 8,915 1,528 382 509 354 229 0 
-- 0 

Diaptoms frunciscanus 402 1,230 5,769 5,374 2,955 4,457 7,845 9,170 2,407 3,107 
-- 

721 
Sub total (copepod) 532 5,053 18,288 14,289 4,483 4,839 8,354 9,527 2,636 3,107 - - 721 
Total macro-zooplankton 1,617 6,065 21,509 20,546 14,773 39,543 43,658 46,867 58,914 25,229 6,246 

Ke LZicottia Zongispim - - 64 61 4 509 5,145 21,982 74,312 32,603 51,604 28,655 10,405 2,015 
ConochiZoides sp. -- 46 955 89 0 2,955 - 13,118 16,658 52,674 25,217 12,545 4,040 
AspZmrchm sp. -- 537 8,574 2,241 2,700 8,151 0 0 0 0 0 2 0 

-- Kerate Z Za s p . 0 0 0 0 0 0 0 0 0 0 0 



Table 8. Seasonal dens i ty  pa t t e rns  of the  zooplankton by taxa within F a l l s  Lake during 
1982 a t  S ta t ions  1 and 2.  

S t a t i o n  1 Number/n2 
Date (1982) 05/01 06/06 06/30 07/21 08/11 08/30 09/24 10113 11/05 11/30 

Bosrnina Longirostris 683 446 1,191 1,962 3,923 12,545 14,888 6,559 3,821 7,642 
Daphnia Z o q i r e m s  1,363 1,191 1,083 942 1,682 1,274 2,318 637 2,930 2,191 
Holopediwn j i b b e r m  0 0 249 51 0 866 1,911 268 0 0 0 
Sub t o t a l  ( c l a d o c e r a )  2,046 1,637 2,523 3,414 6,471 15,730 17,474 7,196 6,751 9,833 

Cyclops vernal is  19 19 1,045 14,850 5,502 828 3,299 191 191 0 
Diaptoms  ranc cis cams 0 0 3,483 22,670 12,226 9,998 12,481 1,083 3,184 4,942 
Sub t o t a l  (copepod) 19 19 4,528 32,520 17,728 10,826 15,780 1,274 3,375 4,942 
T o t a l  macro-zooplankton 2,065 1,656 7,051 40,934 24,199 26,556 33,254 8,470 10,126 14,775 

Ke L L i c o ~ t i a  l o q i s p i n a  211 300 1,274 2,471 43,811 71,765 137,914 178,490 152,191 90,169 
I Conochi Loides s p . 0 0 0 331 6,979 14,200 63,296 44,957 66,862 76,618 
2 Asp Lanc hna s p . 764 408 4,368 16,455 77,280 37,952 3,834 0 191 0 

I LerateLla sp. 0 0 0 0 357 0 0 0 1,274 153 

S t a t i o n  2 
Date (1982) 

Bosminr, Longirostrt~s 172 166 637 943 3,172 10,189 10,431 7,196 5,247 2,293 
Daphnia loq i remus  548 510 1,019 688 497 1,019 2,942 1,465 1,223 
HgZopediwn gibbemm 

764 
0 64 89 77 1,261 1,529 535 191 0 

Sub t o t a l  ( c l a d o c e r a )  
0 

720 740 1,745 1,708 4,930 12,737 13,908 8,852 6,470 3,057 

CycLops vernaLis 
Diaptomus franciscanus 
Sub t o t a l  (copepod) 
T o t a l  macro-zooplankton 

KeLLicottia Zongispina 
ConochiZoides sp. 
AspZanchna sp. 
Kerate 2 La s p . 



Station 2 (Table 7 ) .  Within the ro t i f e r s ,  the dominant organism was the 
herbi vorous f eedi ng KeZZicottia Zongispina f 01 1 owed by ConochiZoides sp. , 
and then by'the predaceous AspZanchna sp. The importance of the ro t i f e r s  
l i e s  in the i r  ab i l i t y  t o  compete direct ly  with the herbivorous macro- 
zooplankton (principally ~osmina) for  the smal l e r  a1 gal food part ic les .  
Of the macro-zooplankton, the smaller herbivorous Bosmina Zongirostris was 
the most abundant representing 49% of the community a t  Station 1 ,  and 65% 
of the community a t  Station 2. Daphnia represented only 6% and 7% of the 
community, and HoZopedium 2% and 3% a t  the two s ta t ions,  respectively. 
Within the copepods, Diaptomus represented 30% and 15% of the macro- 
zooplankton, and CycZops 12% and 10% a t  the two s ta t ions ,  respectively. 
Overall , the smal l e r  (GO. 40 mm) herbivorous zoopl ankton represented by 
the ro t i fe rs  and Bosmina formed 72% and 88% of the zooplankton found a t  
Stations 1 and 2 ,  respectively. 

In regards t o  seasonal timing, the macro-zooplankton community consisted 
primarily of copepods from the beginning of May through the middle of July 
a t  Station 1 ,  b u t  only t o  the end of June a t  Station 2.  Following the 
spring pul se of copepods ( i n i t i a l l y  CycZops fol 1 owed by ~iaptomus) , the 
cl adoceran component (principal ly  ~osmina) became important. Bosmini d 
domination of the macro-zooplankton lasted through the end of the year, 
b u t  the peak of abundance occurred from July t h r o u g h  the end of September. 
The importance of the above defined seasonal cycles l i e s  in the continual 
replacement throughout the growing season of sequential peaks in zooplank- 
t e r  abundance. 

In 1982, the zooplankton community consisted of the same species found in 
1981 with the exception of an additional species of ro t i f e r ,  KerateZZa sp. 
(Table 8 ) .  The ro t i f e r  community again dominated the zooplankton community 
representing 87% of the organisms found a t  Station 1 and 89% of those 
found a t  Station 2.  Within the macro-zooplankton component, Bosmina again 
comprised the largest share of the community representing 32% of the 
organisms a t  Station 1 ,  and 39% a t  Station 2. Daphnia represented 9% and 
10% of the zooplankton a t  Stations 1 and 2 ,  respectively while HoZopedium 
represented only 2% and 4% of the community. Diaptomus represented 41% 
and  27% of the macro-zooplankton a t  the two s ta t ions ,  respectively com- 
pared to  a 15% and 19% numerical contribution by CycZops. Overall, the 
smal l e r  (GO. 40 m m )  herbivorous zooplankton represented by the ro t i  fe rs  and 
Bosmina formed 81% and 83% of the zooplankton found a t  Stations 1 and 2 ,  
respectively. 

Comparing seasonal timing, the copepod component again was numerically 
important during the spring period a t  b o t h  s ta t ions followed by the 
cladoceran community which increased in importance l a t e r  in the season. 
However in 1982, the Diaptomus component of the macro-zooplankton was excep- 
t ional ly  strong for  most of the spring-summer period, b u t  in turn the 
Bosmina component was exceptionally weak. 

The third character is t ic  of in te res t  t o  rearing fry i s  the body-size of the 
individual species. We use body-size within the cladoceran community as an 
indicator of a prey's vis ible  s ize t o  the visual feeding sockeye fry.  The 
seasonal mean (May-November) body-si ze of Bosmina a t  Station 1 during 1982 



equalled 0.40 mm, of Daphnia 0.73 mm and of Holopediwn 0.50 mm. Weighting 
the body-size by numbers of individuals per sampling period had l i t t l e  
e f fec t ,  as 'the seasonal mean body-size of Bosmina was s l ight ly  reduced t o  
0.37 mm, b u t  the body-size of Daphnia and HoZopediwn remained unchanged. 
A t  Station 2 the body-size of Bosmina remained very low a t  0.38 mm (0.36 rnm) ,  
of Daphnia a t  0.73 mm (0.72 mm), and HoZopediwn a t  0.50 mm (0.51 mm) 
[comparing simp1 e seasonal means with (weighted means), respectively]. 

Within the cyclopoid community the mean body-size of Cyclops a t  Station 1 
was 0.80 mm (simple mean) compared t o  0.66 mm using a weighted mean. 
Similarly, the body-size of Diaptomus equalled 1.06 mm compared t o  a weighted 
mean of 1.06 mm. A t  Station 2 ,  the simple mean body-size for  CycZops 
equalled 0.69 mm compared t o  a weighted mean body-size of 0.57 mm,  and fo r  
Diaptomus mean body-size equalled 0.95 mm while the weighted mean body-size 
equalled 0.78 mm. Thus, unlike the cladoceran community, the copepod 
components ( ~ ~ c Z o p s  and ~ i a p t o m u s )  both had reduced body-sizes when simple 
seasonal means are compared with population s ize weighted seasonal means. 

DISCUSSION 

Within the two years of th i s  pre-ferti  1 ization study (following one year 
of feasibi 1 i ty  study),  we have defined the pre-existing 1 imnological s t a t e  
of Falls Lake. In addition, we have defined a need for  nutrient addition, 
the quantity of nutrient t o  be added, the f e r t i l i z e r ' s  nutrient r a t io ,  
and the seasonal timing of i t s  addition. 

In summary, the basic chemical and biological features of the lake which 
point t o  the des i rab i l i ty  of nutrient enrichment are as follows. During 
the f i r s t  part of June the lake becomes thermally s t r a t i f i e d  and remains 
s t r a t i f i e d  until the middle of October. That i s ,  a stable thermally 
defined epilimnion i s  present for approximately 16-18 weeks. During th i s  
period, the euphotic zone was found t o  l i e  ent i rely within the epilimnion, 
a n d ,  in general, t o  occupy a major portion of the epilimnetic volume except 
during the fa1 1 of 1981. 

Nutrient ut i l izat ion within the closely coupled epilimnetic/euphotic 
volumes was very strong leading t o  undetectable n i t r a t e  levels within the 
epilimnion during b o t h  years of study. In addition, we observed a decrease 
in epilimnetic s i l icon concentrations during periods of intense algal 
growth. Thus, we found evidence of inorganic nutrient depletion within 
the epilimnion which was especially severe a t  Station 2.  

Finally, during b o t h  years of study, we found b o t h  the low inorganic 
nitrogen levels and low 1N:total-P rat ios  within the epilimnion t o  coin- 
cide with the period of thermal s t a b i l i t y  i . e . ,  from the f i r s t  week of 
June t o  the beginning of October. This depletion of nutrients within the 
bulk of the epilimnion may account for  the trend of greater chl a concen- 
t ra t ions being found deep within the euphotic zone close t o  the top of the 
hypolimnion where inorganic nitrogen and s i l icon levels were significantly 
higher. 



As we observed a strong ut i l izat ion of algal nutrients,  the extremely low 
level of algal biomass (chl a )  indicated heavy grazing by the zooplankton. 
In turn,  we found the zooplarkton communi ty t o  be dominated by herbivorous 
forms which numerically represented over 95% of the speciesltaxa found. In 
general, within the macro-zooplankton community the spring period tended t o  
be dominated by the copepods (especially ~ iaptomus) ,  while the l a t e  summer/ 
f a l l  period tended t o  be dominated by the cladocerans (especially Bosmina). 
Overall , the zooplankton community consisted (70% t o  almost 90%) of small 
(G0.40 mm) body-sized organisms which are a t  the extreme lower s ize of prey 
available to rearing sockeye fry (Koenings 1983). That i s ,  the existing 
zooplankton community i s  indicative of intense grazing pressure by pre- 
daceous rearing fry.  Since the maximum temperature observed within the 
epilimnion was <16"C, we feel that  rearing f ry  effectively foraged within 
the epilimnion during the ent i re  growing season, and made very ef f ic ien t  
use of the macro-zooplankton present within the en t i re  epilimnetic volume. 
Finally, Falls Lake i s  similar t o  other oligotrophic lake systems we have 
studied e.g. ,  Eshamy Lake in that  nutrient levels ( to ta l -P) ,  and chl a 
levels are extremely low. However, unlike Eshamy where the energy/biomass 
t ransfer  ends within the zooplankton (and the lake possesses a zooplankton 
communi ty indicative of low f i sh  grazing pressure), the zooplankton com- 
munity of Falls Lake i s  indicative of a more intense grazing pressure by 
rearing fry.  

The severe grazing pressure on the zooplankton was particularly pronounced 
in 1982 when ro t i f e r s  represented between 87% and 89% (by s ta t ion)  of the 
zooplankton found, compared t o  1981 when rot i  fe rs  represented from only 54% 
t o  63% of the zooplankton. In particular,  in 1982 when the ro t i fe rs  were 
very abundant (seasonal mean densit ies ranging from 86,000 organisms/m2 t o  
109,500 organi sms/m2), the Bosmina population was very weak, representing 
only 4% of the zooplankton community (seasonal mean densit ies ranging from 
4,100 organisms/m2 t o  5,400 organisms/m2). In 1981, when the r o t i f e r  popu- 
la t ion was relat ively depressed (seasonal mean densit ies from 33,800 
organisms/m2 t o  54,000 organisms/rn2), the Bosmina population was relat ively 
strong, representing from 18% to 30% of the zooplankton or from 15,800 
organi sms/m2 t o  18,400 organi sms/m2. Thus, i t  appears t h a t  when Bosmina 
populations are  reduced by predation from rearing f ry ,  rot i  f e r  numbers 
expand. Conversely, the argument can be made tha t  when the r o t i f e r  com- 
munity i s  favored by environmental conditions the Bosmina population i s  
considerably reduced t h r o u g h  competition for  a limited food supply. 
However, given the extremely small body-size of the Bosmina (and other 
species of macro-zooplankton) we feel that  the evidence suggests a causal 
mechanism of heavy predator ( f i sh )  pressure on the enti re macro-zoopl ankton 
community. That i s ,  the heavy grazing pressure on the macro-zooplankton 
by rearing fry releases the ro t i fe rs  from direct  competition for  food and 
allows them t o  expand in number. 

Falls Lake Nutrient Loading 

The present loading of phosphorus into Fa1 1s Lake equals 31 3 mg ~/mZ/yr 
compared t o  a c r i t i a l  loading rate  of 1,043 mg ~/m2/yr.  Thus, Falls Lake 
i s  presently a t  30% of c r i t i ca l  loading. We plan to  increase the loading 
ra te  an additional 40% t o  give an overall yearly loading of 70% of c r i t i c a l .  



Our target loading i s  thus defined s 70% of c r i t i ca l  loading or 730 9 mg ~ / m z / ~ r .  This leaves 41 7 mg P / m  /yr t o  be provided by the inorganic 
f e r t i l i z e r : '  a total  of 430 kg  of phosphorus. 

The f e r t i l i z e r  to  be used i s  a special blend of a liquid product (27-7.6-0) 
containing 27% nitrogen, 7.6% phosphorus (as P205) and 0% potash (18:l N:P 
atom ra t io ) .  The material weighs approximately 5.44 kglgal or 0.18 kg of 
phosphorus per gallon. Thus, we require 430 kg of phosphorus to  be provided 
by the f e r t i l i z e r  which contains 0.18 kg of phosphorus per gallon or 2,389 
gallons of product in 30 gallon barrels i . e . ,  approximately 80 barrels of 
f e r t i l i z e r .  

From o u r  limnological studies,  we found that  Falls Lake has a s table  thermal 
s t ructure,  coinciding with nutrient depletion within the epilimnion, from 
the f i r s t  part of June until mid-October, or a period of 18 weeks. We feel 
f e r t i l i za t ion  should begin on or about June 1s t  and extend until a t  l eas t  
mid-October for  a f e r t i l i za t ion  period of 18 weeks. Thus, we have 18 weeks 
t o  add 80 barrels of f e r t i l i z e r  with additions taking place every 10 days. 
By using a 10 day application ser ies  we have defined 13 applications per 
season or 6 barrels t o  be added every 10 days. 

The actual application of product should avoid the l i t t o r a l  zone and be 
confined to  the northwest and southwest limnetic section of the lake 
(Figure 3) immediately adjacent t o  observed sockeye spawning areas. 
Finally, as the sampling design ca l l s  fo r  a three-week rotation, water 
samples should be taken prior t o  every other f e r t i l i za t ion  period i . e . ,  
f e r t i l i za t ion  application every 10 days with water quality sampling taking 
place every 20 days. 





RECOMMENDATIONS 

1 )  Apply .inorganic f e r t i l i z e r  (high N:P atom ra t io )  a t  a ra te  that  will 
resu l t  in an increase in the phosphorus loading from 30% to  70% of 
c r i t i c a l  . 

2 )  Fer t i l izer  addition should begin no ea r l i e r  than the f i r s t  week of 
June and l a s t  until the f i r s t  part of October. 

3)  Closely monitor the inorganic nitrogen (and s i l icon)  levels in order 
to  prevent a further lowering of the inorganic nitrogen: total  - P  ra t io .  

4)  Continue the detailed 1 imnological monitoring in order to  assess the 
impact of the increased nutrient loading on the capacity of Falls 
Lake to  rear sockeye fry.  
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